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Abstract 

Passive buildings are proving to be a solution to menaces of energy crisis and greenhouse gas emissions across the 
world. Such buildings tend to exhibit low energy demand owing to their cleverly designed envelopes, which com-
prise of walls, roofs, doors, windows and other openings. This requires use of new materials and technology, leading 
to an increased initial construction cost. However, with reduced energy consumption, the lifecycle cost of a passive 
building may be lower than that of a conventional building. These passive buildings also need to cater to occupants’ 
comfort which is subject to local climatic conditions and climate change. This article discusses economic feasibility 
and climatic adaptability of a passive building, in addition to advances in passive building strategies. Owing to lack of 
general awareness and standards related to passive building construction, these buildings have not achieved enough 
popularity. While many countries are striving hard to bring passive buildings to common masses, a large number of 
countries are yet to initiate the move. This article outlines several active organizations, standards and rating systems 
for passive buildings. This article also presents some of the recent research trends and a comprehensive bibliography 
for the benefit of researchers and practitioners.

Keywords  Passive buildings, Energy conservation, Emission reduction, Economic feasibility, Lifecycle cost 
assessment, Climatic adaptability

Introduction
Unsustainable development in the post-industrial revolu-
tion era has resulted in an ever-growing energy demand 
and greenhouse gas emissions, across all sectors includ-
ing buildings, transport and industries. This has led 
to change in climate across the globe, with noticeable 
extreme weather phenomena and rising mean sea levels. 
The rate of climate change has been observed to increase 
steadily over last four decades [1, 2]. As a result, 196 par-
ties comprising mostly of nations entered into the Paris 
Agreement of 2015, which is a legally binding interna-
tional treaty on climate change. It was agreed that the 

global mean temperature rise be restricted to 2 °C over 
a century [3]. It has also been evident that with gradual 
shift in nature of occupations from farms to indoors, 
buildings have turned into a major contributor towards 
energy use and greenhouse gas emissions. Globally as 
of 2021, buildings and building construction industry 
account for 36% and 37% of energy and emissions respec-
tively as shown in Fig. 1 [4]. The contribution of a para-
digm shift in nature of jobs can be understood if these 
numbers for countries at different levels of the develop-
ment ladder are assessed. For instance, in 2019, buildings’ 
share in total energy consumption in countries in Asia 
barring China and those in Central and South America 
was in the range of 23–25%, which is lesser than the 
global levels by almost 12 percentage points [4]. How-
ever, there are multiple factors such as energy source for 
domestic usage, efficiency of transport network and lev-
els of industrialization, which influence buildings’ share 
in total energy consumption. On an average, buildings 
and building construction industry in African countries 
together contributes to 60% of total energy consump-
tion. The region’s high dependence on bioenergy for its 
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domestic energy needs is attributed to this high share 
of buildings in total energy consumption [4]. Another 
important perspective is the rapid growth in buildings’ 
share in total energy consumption for the developing 
countries such as India and Brazil as compared to United 
States and European nations, for the period 1990–2010 
[5]. It can be assessed that the developing nations 
should learn from the examples of developed nations 
and thereby act pro-actively to avoid getting into deeper 
waters. The effect of population growth and urbanization 
on buildings’ share in energy consumption and green-
house gas emissions is also worth noting [5]. Despite 
the variation in these shares across nations, the global 
average share of 36% and 37% to energy consumption 
and emissions makes it crucial to design and construct 
energy efficient and environment friendly buildings in 
order to achieve goals set by the Paris Agreement. The 
annual reports indicate that the present development in 
this direction has not been satisfactory [4, 6], as only 80 
countries have either mandatory or voluntary building 
energy codes at national and/or sub-national levels [4]. In 
order to improve the acceptability of the need to switch 
to energy efficient and environment friendly buildings, 
awareness related to such buildings among masses is 
required. People should be made aware of vernacular 
and modern strategies to improve energy efficiency and 
reduce carbon footprint in buildings, which will enable 
them to make informed choices. These strategies can be 
either active or passive [7, 8]. Though this article reviews 
elements of passive buildings in particular, understanding 
of these two types of strategies is important.

Most of the building projects in the developing world 
still award the contract to the option with lowest initial 
cost. The significance of considering lifecycle cost as the 
criterion is now being understood, but unavailability 
of reliable data, divergence in lifecycle costs standards, 

and lack of awareness among vast majority of popula-
tion hinder the use of lifecycle cost as a deciding param-
eter in most projects [9]. It is intuitive that initial costs 
of energy efficient and environment friendly buildings 
is usually higher than conventional buildings. However, 
with reduced energy consumption and shrunk carbon 
footprint, such buildings are likely to have a lower cost 
over its design life. However, in a bid to make a building 
highly energy efficient and environment friendly, a design 
may be arrived which may not render the building eco-
nomical in its design life. Such designs are examples of 
over-investment and should be avoided. It is therefore 
imperative to arrive at the optimal level of investment 
in energy efficiency and emission reduction [10], which 
would imply one to understand how to estimate lifecycle 
cost for buildings.

It is also worth noting that both active and passive 
strategies for improving energy efficiency and reduc-
ing emissions in case of buildings are popular in North 
America and Europe, particularly among Scandinavian 
countries. Though it may be attributed to high per capita 
income in these countries making initial expense afford-
able to a majority of population, the climate also seems 
to have a role. For instance, buildings in cold climates 
have to employ strategies which would reduce energy 
consumed in heating the indoor space. However, in a 
sub-tropical and/or temperate climatic zone, buildings 
need to employ energy efficiency strategies for heating in 
winters and cooling in summers. This would mean addi-
tional investment which may lead to lifecycle cost for the 
energy efficient building higher than that for the conven-
tional structure. This implies the necessity of studying 
climatic suitability of the proposed investment [11, 12]. 
Vernacular construction practices in the region are likely 
to provide a good solution, and they need to be explored 
as well.

Fig. 1  Contribution of buildings and building construction industries in global energy consumption and greenhouse gas emissions. Source: UNEP 
[4]
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Based on above preamble, this article has the fol-
lowing objectives: (i) to review different strategies to 
improve energy efficiency and reduce emissions in 
buildings, with emphasis on passive buildings (Energy 
efficient and environment friendly buildings), (ii) to out-
line procedure for lifecycle cost assessment for passive 
buildings (Economic feasibility of passive buildings), 
(iii) to understand adaptability of passive buildings 
to diverse climatic zones and climate change (Cli-
matic adaptability of passive buildings), (iii) to outline 
prominent standards related to construction of pas-
sive buildings (Standards on passive buildings) and (iv) 
to discuss present shortcomings and thereby explore 
novel research opportunities (Contemporary research). 
The article is likely to provide readers a holistic insight 
into the world of passive buildings, and thereby ena-
ble them to make informed choices while planning to 
build energy efficient and environment friendly build-
ings. The article will also help researchers in developing 
novel strategies for further improving energy efficiency 
and reduce greenhouse emissions, in case of buildings. 
The article hosts a good bibliography which will enable 
readers develop knowledge and understanding specific 
to their research interests.

Energy efficient and environment friendly 
buildings
Energy efficient and environment friendly buildings are 
commonly termed as green or sustainable buildings. 
United States Green Building Council (USGBC) defines 
green buildings as holistic buildings, which in planning, 
design, and operation have a positive effect on their sur-
roundings. Such buildings consume minimum natural 
resources for their construction and operation through-
out their design life, promotes reuse, recycling and uti-
lization of renewable resources, and thereby reduce our 
dependence on non-renewable resources [13].

There are diverse strategies to reduce energy consump-
tion and greenhouse gas emissions in buildings, and to 
achieve green building standards set by different agen-
cies such as USGBC. Technological improvements to 
heating, ventilation and air conditioning (HVAC), light-
ing, electrical and plumbing systems are classified as 
active strategies. On the other hand, passive strategies 
include fundamental changes in the building envelope 
[8, 10]. Building envelope comprises of all the elements 
that separate the indoor environment from the transient 
outdoor environment. Some of the common tangible ele-
ments of building envelope are walls, roofs, foundations, 
doors, windows, sunshades and external façade. Though 
thermal mass and thermal insulation of a building are 
intangible, they contribute towards making the build-
ing energy efficient and environment friendly. Therefore, 

these properties are also considered as components of 
building envelope. The last decade has witnessed an ever-
increasing interest in employing passive strategies to 
build energy efficient and environment friendly buildings, 
and these strategies are being envisioned as solutions to 
the menaces of energy crisis and environmental pollution 
[8]. A number of recent studies from across the globe 
have observed a lowering in energy consumption by 30 to 
50% because of changes in the building envelope such as 
thermal insulation in roofs and walls, light shaded exter-
nal walls and roofs, overhang and wing walls in windows, 
and reflective coated glass window glazing [14–16]. This 
lowering can however vary greatly depending on build-
ing envelope choices and location [17, 18]. These passive 
strategies make the indoor environment comfortable 
without a need to over-rely on HVAC systems, result-
ing into lower greenhouse gas emissions. Architectural 
innovations like adequate orientation of a building and 
use of self-shading elements are also very effective pas-
sive strategies which improve lighting and ventilation of 
the building, and thereby reduces the energy consump-
tion [19–22]. Natural daylighting and ventilation also 
have positive effects on health and mood of occupants 
[23–26]. This would lead to happier families in residential 
buildings and improved productivity in office and com-
mercial buildings [23–26]. The efficacy of a building enve-
lope is usually assessed using a numerical study of heat 
transfer through the envelope by various modes, viz. con-
duction, convection and radiation [27–29]. Solar collec-
tion envelope of a building provides further information 
about variation in solar gain throughout the year, and can 
therefore be beneficial in blocking the summer sun while 
permitting the winter sun [19]. The following sections 
outline typical passive elements that can be included in 
prominent building envelope components such as walls, 
roofs, doors, windows, sunshades and façade.

Passive buildings are frequently confused with Net 
Zero Energy (NZE) buildings. NZE buildings are able 
to produce energy that it consumes, through renew-
able sources (usually solar), on an annual basis. Typically, 
these buildings produce extra energy during summers, 
sell it to the grid, and purchase the same during winters 
when the solar installation is unable to meet the demand. 
Some of these buildings can be net positive energy build-
ings where the energy generation exceeds its demand 
over a year. This means NZE buildings are environment 
friendly as they lead to lower emissions in electricity 
generation. However, unlike passive buildings, reduction 
in energy consumption in buildings is rarely the aim of 
NZE buildings. On the other hand, passive buildings aim 
to lower their energy consumption by exploring changes 
in their building envelopes. This is the reason why pas-
sive buildings are presently considered a real solution to 
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energy crisis and environmental pollution. Furthermore, 
passive buildings also tend to improve comfort and ele-
vate mood of the occupants.

Walls
Walls and roofs are the most prominent tangible compo-
nents of a building envelope. The aspect ratio of the build-
ings determines their relative significance in case of passive 
buildings. While a typical squat building has relatable sig-
nificance of walls and roofs, walls of high-rise buildings 
are much more significant than its roof. Passive building 
design involves walls and roofs that insulate the indoor 
and outdoor environments to make the indoors habitable 
and comfortable. At times, walls also serve the purpose of 
illumination and letting daylight enter the building.

Traditional construction in Indian subcontinent involved 
walls made of stones, mud and/or adobe, which have poor 
thermal conductivity and absorption capacity [30–33]. 
However, with urbanization and need for higher build-
ings, this has been replaced with concrete and/or masonry 
walls. Concrete walls tend to absorb a lot of heat and 
emit it very slowly, leading to overheated indoor spaces 
in tropical regions during summers [34]. Another clas-
sical solution is to use cavity walls shown in Fig. 2. Such 
walls comprise of two masonry wythes/skins (external 
and internal) separated by an air cavity, and are therefore 
also called double skin or ventilated walls [35–37]. It has 
been observed that increase in width of air cavity improves 
insulation and thereby energy performance. However, this 
benefit gets saturated at a cavity width of 150 mm [38]. The 
relative roughness and thermal resistance of the two layers 
also influence the performance of cavity walls, and the per-
formance is usually characterized by R-value [39].

Modern buildings are primarily framed structures with 
columns as their vertical load bearing element. These 
buildings can use lightweight concrete for walls. Light-
weight concrete used for thermal insulation in walls have 
mass density around 1400 kg/m3 and have significantly 
lower strength compared to concrete used for regular 
construction. Lightweight concrete is either made by use 
of lightweight aggregates and/or entrainment of air. Suit-
able aggregates for this purpose can be obtained from 
natural materials or industrial by-products. Air entrain-
ment is obtained by using a chemical admixture or intro-
ducing aluminium powder. When aluminium powder is 
used to obtain lightweight concrete, it is referred as auto-
claved aerated concrete (AAC). AAC blocks can be easily 
manufactured in a factory and are therefore suitable for 
precast construction. This makes them a good choice for 
use in rapid construction of passive buildings. A recent 
innovation is use of phase change material (PCM) in the 
lightweight concrete or gypsum walls [40–42]. Such walls 
are termed as walls with latent heat storage and their 
efficacy depends on the amount of impregnated PCM 
material. Research shows that walls with PCM result in 
considerable isolation of indoor environment from the 
outdoor, and thereby reduce the demand on HVAC sys-
tems [41, 43, 44].

However, the most commonly used wall technology 
in passive buildings is a passive solar wall. A classic pas-
sive solar wall, commonly called unventilated solar wall, 
consists of a 12-in. concrete wall on the southern and 
northern face of buildings in northern and southern 
hemispheres respectively. This orientation enables the 
building to absorb solar radiation in winters during the 
day, and release the same at night to make the indoor 

Fig. 2  a A typical cavity wall, b Different types of cavity walls. Source: Williams [36]
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environment habitable. Researchers led by Trombe rede-
signed these walls by adding a glazing on the outer side 
of the wall to provide the greenhouse effect, and this wall 
system is termed as Trombe wall and is shown in Fig. 3 
[45]. A number of improvements from the basic design 
of Trombe walls to improve efficacy of the building enve-
lope, can be observed over the decades [46–49]. Since 
these walls are designed to absorb solar radiation and 
thereby suit cold climatic zones, they may lead to over-
heating in tropical zones. To avoid overheating, these 
walls may be adequately insulated resulting into isolated 
Trombe walls. The insulation may be a permanent fixture 
or an operable solar shield [50, 51]. An innovative fea-
ture is to affix photovoltaic (PV) cell array between con-
crete wall and glazing [52, 53]. As a result, Trombe wall 
absorbs solar radiation which is not consumed by the PV 
cell array. The energy stored in the PV cell array can be 
used for indoor lighting purposes leading to reduction 
in energy demand from the grids. PCM based Trombe 
walls have been observed to be thinner than the conven-
tional Trombe wall [54, 55]. A recent innovation in the 
class of Trombe walls is fluidized Trombe wall [56, 57]. 
This system comprises of a fluid with highly absorbing, 
low-density particles filling the gap between concrete 
wall and glazing of the Trombe wall system. The solar 
energy is released into the building through a filter, which 
is then circulated through fans. Since this system makes 
use of conduction, convection and radiation unlike con-
duction alone in the case of classic Trombe wall, fluidized 

Trombe walls are highly efficient. There have been a lot 
of recent innovations in Trombe walls depending on the 
project objectives [57, 58].

If the building requires both heating and illumination, 
a transwall, comprising of two parallel glass panes with 
water enclosed between them, is very efficient [59, 60]. A 
translucent glass pane is often placed at the centre of par-
allel glass panes. While a part of the incident solar radia-
tion is absorbed by water and translucent glass pane, the 
rest causes heating and illumination of the indoor envi-
ronment [59].

Roofs
For large roof structures such as auditoria, exhibition 
halls and indoor stadia, roof can be designed as an ade-
quate thermal exchange or barrier. This makes roof of 
such buildings to be the most significant component of 
the building envelope.

The traditional roof construction in Indian subconti-
nent used burnt clay units with mud mortar covered with 
a layer of terracotta tiles [61]. This design has been very 
successful at shielding the indoor environment from the 
outdoor environment which can be extreme in tropical 
regions. However, in a bid to go higher, most modern 
buildings are using concrete slabs which have high solar 
absorption and longer heat retaining capacity. This tends 
to overheat the dwelling spaces in summers, and in turn 
increase energy consumption by HVAC systems [61, 62]. 
As a consequence, a number of modifications such as 

Fig. 3  a A typical passive solar wall (Trombe wall), b Fluidized Trombe wall. Source: Tunc and Uysal [56]
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roof shadings, roof coatings or compound roof systems, 
have been attempted [63–65]. Another common roof in 
case of buildings with large plan area is lightweight alu-
minium standing seam roof. These roofs also have poor 
thermal characteristics, and need to be adequately insu-
lated. The insulation layer can be composed of glass fiber, 
polyurethane, polystyrene or a mix of these, depending 
on the climatic zone of application [62, 66].

Similar to cavity walls, a roof can also be composed 
of two slabs with an air cavity between them. Such 
roofs are called ventilated roofs. The air flow between 
the roof slabs limits the heat transfer across the roof, 
leading to a habitable dwelling space in summers. The 
air cavity is usually sealed during winters to allow solar 
heating. These ventilated roofs are popular in hot and 
humid climate, and have the potential to lower energy 
demand by 30% [67, 68]. These roofs can provide natu-
ral or forced ventilation as shown in Fig. 4, depending 
on local climate [69].

In hot and arid climate, vaulted and domed roofs are 
effective in quickly dissipating the absorbed heat when 
the outdoor temperature falls sharply at night [70–72]. 
Furthermore, most of the thermal gradient occurs within 
the vault or dome volume, rendering the dwelling space 
cooler. Provision of cross-ventilations near the base of 
vault is also helpful in getting rid of the hot air. The vaults 
are usually oriented north-south for an improved perfor-
mance, with the rim angle usually exceeding 100°.

Thermal characteristics of roofs can also be improved 
using roof coatings which have high solar reflectance and 
emittance properties. The coating can be either white 
paint, PVC membrane, elastomer or aluminium. The 
efficacy of these roofs increases with coating thickness 
[73–75].

There is a recent trend to have green roofs in a building, 
which essentially means having a cover of vegetation to 
avoid excessive solar heating [76]. A green roof comprises 
of conventional roof, waterproofing membrane, drainage, 
root barrier layer, soil and vegetation, from bottom to top 

[77]. The existing roof can also be easily transformed into 
a green roof as the total load of all layers is well within the 
design load [78]. The moist soil medium improves insu-
lating behaviour of the green roof by acting as a thermal 
barrier [79–81] as well as promoting evaporative cooling 
[82]. These roofs are popular in commercial and office 
buildings where the roof may not be accessible except for 
maintaining the vegetation growth. Green roofs are suit-
able in diverse climatic zones [83–86]. Evaporative roof 
cooling can also be achieved by astutely ponding the roof 
or using hessian/jute bags soaked in water [62, 63, 87].

Recent times have witnessed significant strides in con-
structing photovoltaic (PV) roofs. These roofs either 
comprise of PV roof tiles or modules [88, 89], depending 
on accessibility of the roof to the occupants and choice of 
roofing system. While acting as thermal shields, PV roofs 
also produce electricity from renewable solar energy, 
leading to reduced dependence on grids. PV roofs can be 
integrated with green roofs for an enhanced energy sav-
ing [90, 91].

Roofs in buildings with large plan area also serve as 
source of illumination and daylighting. Vaulted roofs, 
with daylighting from south in the northern hemisphere 
and vice-versa, are usually employed for this purpose.

Openings (doors and windows)
Doors and windows play a vital role in buildings for 
access, thermal comfort and optimal illumination of the 
indoor environment. Properly laid doors and windows 
also add value to the aesthetics of the building. Recent 
decades have witnessed advent of numerous glazing tech-
nologies such as solar control glass panes, insulating glass 
panes, low emissivity and reflective coatings, vacuum 
glazing and gas filled glazing systems. Their applications 
depend on their thermal conductivity and solar heat gain 
capacity, in addition to their orientation, building charac-
teristics and climate of the region [92–94]. Thermal insu-
lation of openings is characterized by U-value, which is 
mathematically reciprocal of R-value for walls and roofs. 

Fig. 4  a Pitched ventilated roof with natural ventilation, b Pitched ventilated roof with forced ventilation. Source: Ferrari and Muscio [69]
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While higher R-value indicates better thermal resistance, 
lower U-value implies better thermal insulation.

Aerogel glazing reduce heat gain by transforming the 
window pane [95–97], and would be suitable in summers. 
However, buildings in tropical regions may need heat 
gain in winters without a need to open the windows. This 
is achieved by use of switchable reflective glazing, which 
uses a low DC voltage or a gas like hydrogen to change 
from transparent to tinted state and thereby restrict the 
solar gain [95, 98–100].

Similar to cavity walls and ventilated roofs, some pas-
sive buildings use two glass panes with vacuum between 
them, in order to eliminate heat transfer across the 
window by conduction and convection [98, 101]. The 
vacuum can also be filled with inert gases like argon. A 
recent innovation is use of light absorbing suspended 
particles in the cavity between the glass panes [95, 102]. 
These suspended particles align in a defined orientation 
to prevent heat and light exchange. This transition occurs 
quickly with a trigger coming from a switch.

It is intuitive that the insulating behaviour of an open-
ing is as good as its supporting frame. The edges of doors 
and windows must be adequately sealed as shown in 
Fig. 5, to get the desired performance from the glazing. 
Edge effect are more dominant in case of smaller size 
openings [92].

From the above discussion, it is evident that the choice 
of technology for walls, roofs and openings depend on 
the desired effect which in turn heavily depends on the 

climate of the site. It is obvious that use of any of these 
technologies is likely to increase cost of construction of 
the project. However, the initial investment will result 
into an energy efficient and environment friendly build-
ing, which will certainly reduce the cost of operating and 
maintaining the building. In the upcoming section, we 
will discuss how to estimate lifecycle cost of a building. 
Estimation of lifecycle cost would enable us to decide the 
level of optimal investment in passive buildings.

Economic feasibility of passive buildings
It is well established that passive buildings are solutions 
to menaces of energy crisis and ecological damage posed 
by the built environment. However, since construction is 
capital intensive, it is utmost important that solutions be 
evaluated for economic feasibility. This is much more rel-
evant in case of residential buildings in developing world 
where people tend to spend much more than their liquid 
assets and end up taking institutional and non-institu-
tional loans. These construction loan portfolios attract 
very high loss rates during economic downtime and are a 
key factor in failure of many banks [103]. The severe eco-
nomic threat posed by recent pandemic COVID-19 has 
forced individuals as well as federal governments to think 
in this direction.

As a consequence of loans’ principal amount and its 
associated interests, most buildings till date are being 
built up considering only the initial cost of construction. 

Fig. 5  A typical multi-pane window for insulating indoor spaces
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Since passive buildings use modern technologies in their 
envelopes, their initial costs are usually higher than con-
ventional buildings [104]. Among multiple barriers, this 
is one of the primary reasons behind poor acceptance of 
passive buildings among various stakeholders of building 
construction including clients, governments, design and 
construction engineers, and financing institutions [104, 
105]. However, owing to lower energy consumption, pas-
sive buildings tend to have reduced operational costs and 
are therefore a viable investment [104]. Furthermore, gov-
ernment institutions have been granting subsidies for pri-
vate passive constructions as they tend to reduce carbon 
footprint of the region [106, 107]. It is therefore intuitive 
to conclude that passive buildings may end up being eco-
nomical than conventional buildings in long run. This 
implies the significance of assessing economic feasibility of 
proposed passive construction before it is deemed fit to be 
built.

Lifecycle cost estimation of passive buildings
Economic feasibility is usually assessed by estimation of 
lifecycle costs (LCC) associated with the building, which is 
the total cost of owning, operating, maintaining, and dis-
posing of the building over a given study period. In order 
to compare economic feasibility of multiple passive alter-
natives against conventional non-passive construction 
(usually called base case), the future costs of operation, 
maintenance and disposal are converted to their present 
value equivalents. This process is called discounting, and 
is achieved using Eq. (1), where PV and FV respectively 
denote present value and future value after t years, and d 
denotes the discount rate. The process of obtaining com-
pound interest forms the basis of the discounting process.

Discount rate refers to investor’s minimum acceptable 
rate of return, and should not be confused with rate of 
inflation. Since early investment means a loss of opportu-
nity of investing the capital somewhere else, the investor 
is more interested in expected rate of return had he/she 

(1)PV =
FV

(1+ d)t

invested in open markets. Since expected rate of return 
is used, LCC for various design alternatives is said to be 
estimated rather than computed. Though discount rate 
is a function of risk and benefit appetite of the investor, 
some agencies in the United States recommend lower 
and upper rates of discount rates [108–110].

The study period for LCC refers to time over which 
costs and benefits related to a capital investment deci-
sion are of interest to the investor. Depending on invest-
ment routine and habit of the investor, the study period 
may be significantly less than the design life of the build-
ing. However, it must be considered the same for all the 
design alternatives being considered. The study period 
can be divided into planning-construction period and 
service period, as depicted in Fig. 6.

The planning-construction period spans from base date 
to service date. While base date refers to the instant to 
which all the costs are discounted in LCC analysis, ser-
vice date refers to the instant when the building is put 
to use by the occupants. The service period spans from 
the service date till the end of study period, and is also 
called beneficial occupancy period. In simpler terms, 
while initial cost of construction and/or investment 
(Invest) is considered to be distributed over the planning-
construction period, costs of operation, maintenance and 
repair (OM&R) are spread through the service period of 
the building. The costs towards energy consumption by 
the building is considered as an operating cost, and is 
therefore a part of OM&R costs. It should be noted that 
an LCC analysis considers costs and benefits involved 
with decommissioning (Decomm) at the end of the study 
period rather than at the end of design life. While demo-
lition and disposal attract costs, scrap value of the build-
ing at the end of study period counts towards benefits 
or negative costs. If the planning-construction period is 
fairly small compared to the complete study period, an 
LCC analyst may consider zero duration for planning-
construction period. In such case, the initial cost of con-
struction and/or investment is lumped at the base date. 
The future OM&R costs are usually assumed to occur 
at the end of the corresponding year for simplicity [108, 
109]. However, this convention may vary with agency, 

Fig. 6  Description of study period used in economic feasibility analysis of passive buildings
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jurisdiction and analyst’s judgement. Each of the future 
costs (OM&R and Decomm) are then discounted to the 
base date, where the initial costs (Invest) are already esti-
mated. LCC of the project is then obtained by summing 
the present values of all these components, evaluated at 
the base date. This is represented in Eq. (2) and Fig.  7. 
The general expression for estimating LCC at present 
value is summarized in Eq. (3) where N represents study 
period in years [108].

It is evident from Eq. (2) that there are more compo-
nents of LCC than present values of Invest, OM&R and 
Decomm costs. In case of existing conventional struc-
tures being converted into passive buildings, replacing 
components of building envelope attract further costs. 
This cost is called replacement cost and is given by PVRepl 
in terms of present value. The replaced component has 

(2)LCC = PV Invest + PV Repl − PV Res + PVOM&R + PVDecomm

(3)LCC =

N

t=0

FV

(1+ d)t

some scrap value and is therefore a negative cost. This 
is usually termed as residual value and is given by PVRes 
in Eq. (2). Equation (2) considers basic amenities like 
electricity and water as parts of operations, and there-
fore these costs are included in OM&R costs. It should 
be noted that some articles and manuals do not include 
electricity and water costs in OM&R costs, and rather 
add them separately.

Each of the future costs can be classified as either 
non-recurring or annually recurring costs. While non-
recurring costs are discounted to base date using sim-
ple present value (SPV) factors, annual recurring costs 
are discounted to base date using uniform present value 
(UPV) factors. There can be some costs, such as repair 
costs, which are recurring but the periodicity is not 
annual. These costs are considered as non-recurring 
and are discounted to base date using SPV factors. The 
expressions for SPV and UPV factors are presented in 
Eqs. (4) and (5) respectively. These expressions con-
sider non-recurring costs to be incurred at the end 
of year t and recurring costs to be incurred annually 
over a period for n years. Very often, recurring costs 
are not constant over time. For instance, the annual 

Fig. 7  Estimation of lifecycle cost by adding present values of different costs
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energy consumption of a building may stay same over 
years, but the power supplying grid is likely to increase 
its cost per unit leading to an increase in energy costs 
over the years. Such changes in recurring costs are 
accounted by use of rate of escalation denoted by e. 
Rate of escalation represents the projected increase in 
a recurring cost over the years. Since, for instance, elec-
tricity charges per unit escalate by a rate different from 
the general inflation rate in the region, escalation rate 
should not be confused with the general inflation rate. 
UPV factors are adequately modified to obtain modi-
fied uniform present value (UPV*) factors given by Eq. 
(6). Another possible change in energy cost over time 
can come from the composition of energy types. The 
whole world is steadily moving from non-renewable 
sources such as fossil fuels to renewable sources such 
as solar, for meeting its buildings energy needs [111]. 
If reliable past data is available, the change in energy 
sources over the study period should be projected for 
obtaining a better LCC estimate.

UPV and UPV* factors inherently assume that the 
costs recur every year starting from the base date. 
However, when there is a planning-construction period, 
annually recurring costs usually start to incur from the 
service date. This issue is resolved by excluding those 
costs for the duration of planning-construction period, 
as shown in Eq. (7), where tPC denotes the planning-
construction phase in years.

It is worth mentioning that the process of discounting 
discussed so far, considers costs at current price levels. 
In simpler terms, a future cost incurred in 2030 is based 
on prices in 2030, which is then discounted to equiva-
lent present value using discount rate. Such a discount 
rate is termed as nominal discount rate (d). However, 
there is another phenomenon called inflation which 
reduces the purchasing power of money over time. If 
inflation is excluded from the expected future costs at 

(4)SPV =
1

(1+ d)t

(5)UPV =

n
∑

t=1

1

(1+ d)t
=

(1+ d)n − 1

d(1+ d)t

(6)UPV
∗
=

n
∑

t=1

(

1 + e

1 + d

)t

=

(

1 + d

d − e

)[

1 −

(

1 + e

1 + d

)n
]

(7)UPV ∗
=

n
∑

t=1

(

1+ e

1+ d

)t

−

tPC
∑

t=1

(

1+ e

1+ d

)t

current price levels, future costs at constant price levels 
are obtained. In such a case, the discount rate needs to 
be adequately modified. Such a discount rate is called 
real discount rate (D). Similarly, nominal escalation rate 
(e) should also be replaced with real escalation rate (E). 
It should be noted that both approaches, when used 
with consistent assumptions about discount, escalation 
and inflation rates, will yield the same result for pre-
sent value of any future expense. The two approaches 
are respectively termed as current dollar and constant 
dollar methods. The relationships between nominal and 
real discount and escalation rates are reported in Eqs. 
(8) and (9), where I denote the rate of inflation [108].

Though there are a number of resources available for 
estimating all these future costs in the United States 
[108–110], most other countries don’t have enough 
resources. In such cases, the analyst has to rely on pro-
jections from available data, quotations from vendors 
and own judgement. When estimating energy demand 
of the building, one needs to consider variations in 
average demand over seasons and peak demand as well. 
While converting future energy demand estimates to 
monetary values, one must consider variation in grid 
charges per unit with total monthly consumption as 
well as variation in grid charges with seasons. It should 
also be noted that resources based on data from one 
region should not be indiscriminately used in other 
parts of the world. This may render LCC estimation not 
very reliable, and final decisions must be made taking 
this in consideration.

An LCC analyst may come across numerous costs 
associated with ownership, operation, maintenance and 
decommissioning of a building. However, it may not be 
prudent to consider all project-related costs in an LCC 
analysis of multiple design alternatives. Based on expe-
rience and judgement, the analyst may decide to con-
sider only those costs that are significant in quantitative 
measure and relevant to the decision at hand. Costs, 
which are expected to be approximately the same for all 
proposed design alternatives, should be omitted from 
LCC estimation in order to save costs on data collec-
tion and analysis. In case of an existing building with a 
proposal to incorporate passive elements, initial cost of 
structure (same for base case and all retrofit alternative 
cases) should not be considered as it would be a worth-
less exercise. However, installation of passive elements 

(8)D =
1+ d

1+ I
− 1

(9)E =
1+ e

1+ I
− 1
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may need some existing elements to be removed. In 
such cases, in addition to costs of passive elements, 
costs of replacement and benefits of decommissioning 
existing elements should be considered in LCC estima-
tion. In such retrofit projects, OM&R costs which have 
already been incurred should also be avoided while 
estimating LCC. These already incurred costs are called 
sunk costs. Costs which are likely to affect decisions 
insignificantly should also be avoided. For instance, 
an efficient plumbing network may require estima-
tion of water costs but estimation of electricity costs is 
not required. Some project-related effects are difficult 
to quantify in monetary terms. For instance, installa-
tion of a passive element may improve the quality of 
life for occupants in addition to energy savings. The 
improvements in quality of life are difficult to quantify 
as it would require estimating increase in productivity, 
reduction in hospital visits and associated expenses, 
and a vast multitude of non-monetary benefits [112, 
113]. Specialized literature with proposed quantita-
tive metrics can be helpful in such cases [114–116]. In 
absence of any such clear metric, qualitative descrip-

tions must be appended in an LCC report so that the 
stakeholders are able to arrive at an informed decision.

It must be evident to the readers that LCC estimation 
is helpful in assessing economic feasibility of multiple 
design and/or retrofit alternatives, and can assist the 
stakeholders select the alternative with the lowest LCC. 
However, a number of decisions may require supplemen-
tal measures. While this sub-section discusses some of 
the supplemental measures, the next sub-section outlines 
some of the common decisions to be made by the stake-
holders and suitable quantitative measures.

Supplemental measures for economic feasibility analysis
In addition to LCC, the most commonly used metrics to 
assess economic feasibility of design alternatives and/or 
projects are net savings (NS), savings-to-investment ratio 
(SIR), adjusted internal rate of return (AIRR), simple pay-
back (SPB) and discounted payback (DPB). While judg-
ing cost-effectiveness of a passive building with respect 
to a conventional building, NS, SIR and AIRR yield same 
results as LCC. However, when assessing multiple project 

alternatives (design and/or retrofit) with an aim to select 
one from the lot, only NS is equivalent to LCC. In other 
words, SIR and/or AIRR may suggest a different alterna-
tive to be the worthiest for incorporation.

NS for a project design and/or retrofit alternative is 
obtained by subtracting the LCC of the alternative (A) 
from the LCC of the base case (BC), as given by Eq. (10). 
It is intuitive that NS can also be estimated from differ-
ences in individual cost categories as depicted in Eq. (11), 
or from savings and investments. Positive NS implies that 
the proposed alternative is cost-effective. While evaluat-
ing multiple alternatives, the alternative with lowest LCC 
will have maximum NS. It is worth noting that LCC and 
NS can be used interchangeably as they are entirely con-
sistent. NS estimation has an added advantage that the 
analyst needs to consider only those cost components 
that are different for the base case and the alternative. 
However, unlike LCC, estimating NS requires identifica-
tion of a base case among the alternatives. It should be 
understood that the base case and the alternative should 
have the same base date, study period and discount rate.

At times, investors in a building project are interested 
in predicting savings for every unit investment. For a 
given design and/or retrofit alternative, SIR is defined 
as the ratio of the present value of future savings to the 
present value of investment (all discounted to base date) 
over the base case. SIR can be considered as a benefit-to-
cost evaluation metric. The base case and the considered 
alternative should have the same base date, study period 
and discount rate. A project alternative is economically 
justified if it has an SIR value exceeding unity. It is intui-
tive that SIR value of 1 and NS value of 0 are equivalent 
to the case where the alternative has the same LCC as 
the base case. Though the three definitions sound con-
sistent, the alternative with lowest LCC and maximum 
NS may not have maximum value for SIR. This can be 
comprehended based on the principle of diminishing 
marginal utility. For instance, a double insulation layer 
on the building envelope with a lower SIR may be more 
cost effective compared to a single insulation layer on the 
building envelope. The general formula for obtaining SIR 
is given by Eq. (12).

(10)NS = LCCBC − LCCA

(11)NS =

(

PV Invest + PV Repl − PV Res + PVOM&R + PVDecomm

)

BC
−

(

PV Invest + PV Repl − PV Res + PVOM&R + PVDecomm

)

A

(12)SIR =
(PVOM&R)BC − (PVOM&R)A

(

PV Invest + PVRepl − PVRes + PVDecomm

)

BC
−

(

PV Invest + PVRepl − PVRes + PVDecomm

)

A
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AIRR is also a relative measure of economic feasibil-
ity which implies that the base case and the alternatives 
should have consistent base date, study period and dis-
count rate. AIRR measures expected annual percentage 
yield from an investment over the study period. AIRR 
is compared with the discount rate to arrive at mean-
ingful inferences. Since discount rate usually equals the 
minimum rate of return acceptable to the investor, AIRR 
exceeding discount rate implies that the alternative is 
economic. If AIRR is lower than discount rate, the inves-
tor would be happy investing the capital somewhere else 
and the concerned project alternative is not economically 
lucrative. AIRR calculation requires calculation of SIR, 
and is presented in Eq. (13).

SPB and DPB quantify the time required to recover 
initial investment, and are expressed in number of years 
from the service date. In simpler terms, it is the time from 
the service date to a date when cumulative savings just 
offset the incremental investment costs. Since DPB con-
siders discounting future cash flows to the present value, 
it is preferred over SPB. Since SPB and DPB are measured 
from the service date, they are compared against service 
period and not study period. For a project alternative to 
be economical compared to the base case, DPB needs to 
be lesser than the service period considered. This would 
make payback criterion of economic feasibility to be con-
sistent with the LCC criterion. However, most investors 
would prefer DPB to be much smaller than the service 
period.

Decisions related to economic feasibility
Till now in this section on understanding economic fea-
sibility of passive buildings, we have discussed estimation 
of LCC followed by a number of supplemental measures. 
This sub-section outlines some of the decisions related 
to capital investment that are frequently encountered 
in case of passive buildings, along with the suggested 
metric.

Decision 1: accept or reject a design and/or retrofit 
alternative
Decisions such as whether to use cavity walls over regular 
masonry walls, to replace conventional single pane win-
dows in an existing building with double pane windows 
etc., can be made based on estimation of LCC, NS, SIR 
and/or AIRR. Lower LCC for the alternative (compared 
against base case), positive NS, SIR greater than unity 
and AIRR exceeding discount rate typically imply that the 
project alternative is economically admissible and worth 
incorporating.

(13)AIRR = (1+ r)(SIR)
1

N − 1

Decision 2: select an optimal efficiency level for a building 
envelope
A project may involve decisions such as whether to use a 
conventional masonry wall or a cavity wall with possible 
variation in cavity thickness. In this example, LCC and 
NS are suitable measures to choose what cavity thickness 
would be the most cost-effective, if cavity walls are cost-
effective over conventional walls. Such decisions should 
not be made based on SIR and AIRR. It is because incor-
poration of passive elements follow principle of dimin-
ishing marginal utility and therefore these measures will 
tend to suggest solution with least cavity thickness.

Decision 3: select an optimal passive element 
from competing alternatives
This typically refers to a situation when the stakeholders 
have multiple design and/or retrofit strategies to choose 
from. For instance, an analyst may come across a decision 
to opt for a certain glazing for windows from a number 
of available alternatives. Such decisions are in a sense 
similar to decisions about selecting an optimal efficiency 
level. Therefore, LCC and NS are suitable measures for 
arriving at such decisions. SIR and AIRR should not be 
used to take such decisions.

Decision 4: select an optimal combination of interdependent 
active and passive elements
There can be a need to select an optimal combination 
of interdependent active and passive elements, for eco-
nomic feasibility. For instance, since thermal insulation 
and available lighting affect energy demand for a build-
ing, thermal insulation of the building envelope, daylight-
ing through the envelope and efficiency of the installed 
HVAC system are interdependent. LCC is the most 
suited metric in such situations. NS is equally good; how-
ever, one of the combinations needs to be identified as 
the base case. In most cases, highest SIR and/or AIRR or 
shortest DPB does not indicate the correct combination 
and hence should be avoided.

Decision 5: rank independent projects in a larger project lot 
so as to allocate funds from a limited budget
The previous decisions pertained to selection of the most 
cost-effective choice among a number of mutually exclu-
sive design and/or retrofit alternatives. However, there 
can be situations where independent projects in a project 
lot are to be ranked so as to allocate funds from a limited 
budget. For instance, if five residential buildings worth 
amount X in total are to be built but the client has only 
0.7X of available capital, the analyst may be asked to rank 
the five buildings for their worthiness towards allocation 
of funds. SIR and AIRR are the most suited metrics for 
this purpose [117, 118]. Projects with larger SIR and/or 
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AIRR are likely to receive funds from the limited capital 
budget.

From the above discussion, it is evident that LCC and 
NS are the most versatile tools to assess economic fea-
sibility of a passive building project. When a number of 
independent passive building projects are to be funded 
from a limited budget, the projects should be ranked 
using SIR and AIRR. The payback measures, SPB and 
DPB, are primarily used as screening tools to arrive at a 
limited number of project alternatives to be evaluated for 
economic feasibility. This is because of lack of consensus 
on desired payback time as most investors want payback 
time to be much lesser than the service period. Therefore, 
the use of SPB or DPB should precede the use of LCC, 
NS, SIR and/or AIRR. Table 1 summarizes suitability of 
different metrics for different decisions discussed in this 
sub-section.

Climatic adaptability of passive buildings
In 2000 and 2010, more than 95% and 70% of all passive 
buildings were located in Germany and Austria respec-
tively [119]. Though the concept seems to be spreading 
out, the spread has been mostly limited to Europe [119]. 
There can be diverse reasons for this poor acceptability 
of passive buildings outside Europe especially in Asia 
and Africa. Most of the construction in Asia and Africa 
tend to reduce the initial cost of construction. As passive 
buildings are usually expensive than conventional ones, 
they are not sought in most cases. The other reason may 
be the extreme climate conditions prevailing in Asia and 
Africa. While passive buildings in Europe aim to achieve 
heating of indoor environment without over-reliance on 
active measures, such buildings in Asia and Europe have 
to achieve heating in winters and cooling in summers. 
This contrast in desired features of a passive building is 
difficult and more expensive to implement, and thereby 
passive buildings are not gaining enough popularity in 
tropical and temperate climate zones. It is also worth 
noting that most of the passive buildings in Asia and 
Africa are public buildings, unlike residential buildings 
in Europe [119]. This suggests that governments in these 
regions are keen to achieve energy conservation and 

emission reduction in buildings and building construc-
tion industries.

There is requirement for passive buildings to meet 
diverse loads, i.e., heating and cooling loads in winters 
and summers, in large parts of the world. Further, pas-
sive buildings in different climatic zones have to cater to 
different heating, cooling and ventilation requirements. 
Despite differences in goals of passive buildings located 
in different climatic zones, the fundamental principle 
remains the same. In other words, the situation can be 
summarized as same physical equations with varying 
boundary conditions. Passive buildings in cold and hot 
climates have heating and cooling loads respectively. 
The common objective is to reduce the peak load dras-
tically through incorporation of passive mechanisms 
in the building envelopes. These mechanisms include 
building insulation, passive solar gain, heat recovery and 
other measures. In cold weather, the peak heating load 
should be restricted to 10 W/m2. This implies that when 
heating load to ensure comfortable indoor living during 
winters reaches around 10 W/m2, the ventilation system 
should be able to heat the indoor spaces and not allow 
the heating load to soar up. Similarly, in hot weather, the 
peak cooling load should be adequately restricted beyond 
which ventilation system should be capable of cooling the 
indoor spaces. In places with very high relative humidity, 
indoor environment may require dehumidification for 
comfortable living. When dehumidification load reaches 
a limit, ventilation system should be capable to restore 
ambient humidity using dry air circulation.

Tropical climate is characterized by high temperature 
and high relative humidity. Cooling load in such places 
can become excessively high, which can be subdued only 
through proper ventilation. Therefore, the most useful 
passive design strategy is to maximize cross-ventilation 
and convective air flow. For industrial sheds and ware-
houses, clerestory windows located at higher levels can 
help hot air to escape. Wind-driven roof vents are also 
commonly used in industrial buildings to facilitate escape 
of hot air. These vents spin faster when outside tem-
perature is higher, and do not need electricity for run-
ning. Further, lightweight materials with low thermal 

Table 1  Suitability of different measures for different decisions outlined in Decisions related to economic feasibility section

Decision LCC NS SIR AIRR DPB / SPB

1 Yes (Minimum) Yes (> 0) Yes (> 1.0) Yes (>Discount rate) No

2 Yes (Minimum) Yes (Maximum) No No No

3 Yes (Minimum) Yes (Maximum) No No No

4 Yes (Minimum) Yes (Maximum for 
combined NS)

No No No

5 No No Yes (Descending Order of SIR/AIRR 
until budget is exhausted)

Yes (Descending Order of SIR/AIRR 
until budget is exhausted)

No
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conductivity (such as fly ash blocks) should be used for 
walls and roofs. Cavity walls and ventilated roofs are suit-
able solutions to minimize solar gains. Solid walls made 
of heavy weight materials like clay bricks and concrete 
should be well-shaded as far as possible. Openings should 
have sunscreens to prevent direct solar gains. Chajjas 
(overhangs), pergolas and jaalis (perforated screens) are 
commonly used to screen away direct sunlight. Glaz-
ings in openings should have low solar heat gain coeffi-
cient (SHGC) and high visual light transmission (VLT), 
to ensure low heating and high daylight at the same time. 
Passive building designers usually aim for high ratio of 
VLT to SHGC. Ecological features like vegetation and 
lakes around the building are also go-to passive strategies 
as they act as heat and carbon sinks. Supply air ducts to 
cool and dehumidify the indoor environment are usually 
used. Air flow in supply air ducts consumes much less 
energy than using active measures like HVAC systems. 
Traditional construction in some regions include air 
channels and buried ducts, and should also be explored. 
There have been numerous studies for passive building 
design in tropical and sub-tropical climate [16, 18, 120–
131] and arid climate [132–134] zones.

Temperate climate is characterised by hot summers 
and cold winters. This poses contradictory requirements 
for summers and winters. Passive buildings in temper-
ate climate have to cater to cooling load in summers and 
heating load in winters. This is achieved by positioning 
windows on southern face in northern hemisphere and 
northern face in southern hemisphere. Since the relative 
humidity in temperate climate is usually low implying 
low dehumidifying load, ventilation is not the primary 
requirement. Buildings in such climate therefore need 
good insulation against extreme outdoor temperatures. 
Contrary to tropical climate, passive buildings in tem-
perate climate should use heavy weight materials with 
high thermal mass such as concrete and clay bricks for 
their walls and roofs. Cavity walls and ventilated roofs 
are however equally suitable in temperate climate. Proper 
orientation of buildings, careful design of its eaves and 
sunscreens and appropriate positioning of windows are 
important. The objective should be to allow winter sun to 
heat the indoor spaces while preventing the summer sun 
from entering inside the building. A number of research-
ers have attempted to obtain working design of passive 
buildings in temperate climatic regions [135–140].

In cold climates, passive buildings need to heat the 
indoor environment throughout the year without exces-
sively relying on active heating measures. This is achieved 
by properly insulating the building envelope and maxi-
mizing solar gain. Solar gain is maximized by placing 
large glass openings on southern and northern faces in 
northern and southern hemispheres respectively. Since 

the outdoor temperature can go extremely low, insulation 
of building envelope should include thermal breaks and 
avoid thermal bridges. Thermal breaks are usually made 
of insulating material as shown in Fig. 5. Different studies 
to improve efficiency of passive buildings in cold climates 
have been conducted [141–144]. Some regions can have 
composite climates where there is large variation across 
the different months of a year. Designing passive build-
ings in such regions is challenging and some recent stud-
ies have been conducted to address this [145–149].

In case of large projects such as mass housing and pub-
lic structures where large capital is required, design of 
passive buildings needs to consider local climatic varia-
tions as precisely as possible. This enables architects and 
designers in achieving a passive building which provides 
comfort to its occupants while being energy efficient. 
Such design problems are usually called as climatic adap-
tation problems, and can be resolved through design 
parameter optimization where the designer tends to opti-
mize design parameters related to building envelope such 
as heat transfer, heat capacity, air tightness and ventila-
tion [12, 150–163].

Since passive buildings involve initial investment, 
another concern is their ability to adapt to changing cli-
mate. Most of the regions around the world are experi-
encing climate change and global warming. A number of 
researchers have been recently assessing adaptability of 
passive buildings to climate change in different parts of 
the world [164–172].

The aforementioned literature in this section helps us 
comprehend and consider parameters that are suitable to 
the regional climate and possibly accommodate to the cli-
mate change. However, the stakeholders including own-
ers and construction companies will be confident about 
adopting passive buildings if the respective government 
prescribes standards and guidelines in this context. The 
upcoming section reports some of the prominent stand-
ards related to passive building construction from around 
the world.

Standards on passive buildings
Most of the codes and standards related to passive build-
ing construction can be classified as either prescriptive, 
performance-based or outcome-based [173, 174]. A 
prescriptive standard enlists materials and equipment 
for walls and roof with certain properties such as R and 
U values in order to make the building energy efficient. 
However, orientation of the building and its openings to 
incorporate desired solar gain and ventilation is not con-
sidered. Performance-based standards establish a base-
line system and compares the designed system against 
the baseline system. These standards therefore provide 
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opportunities for trade-offs across multiple systems to 
arrive at the most cost-efficient system while achieving 
desired passive building performance. The outcome-
based standards establish a target energy consumption 
level and suggest measures to achieve the established 
level while providing designers enough flexibility.

The most prominent specifications related to passive 
buildings come from Passive House Institute (Passivhaus 
Institut in Deutsche, PHI) [175]. Passive House Institute 
has several sister organisations around the world, such 
as Passiv Haus Institut (PHI), Passive House Institute 
(PHIUS), Canadian Passive House Institute, Austral-
ian Passive House Association, Passive House Institute 
Japan (PHIJP), Hellenic Passive House Institute and Pas-
sive House Institute Italia, who are committed towards 
passive house general approach and building standards 
in their respective regions. Apart from certifying design 
professionals, builders and products, these organisations 

train people and conduct fundamental research in mod-
elling of passive buildings. They also publish standards 
for constructing passive houses.

PHI standards have been around since mid-1970s when 
there was a move to construct some energy efficient 
buildings during energy crisis in the United States. Over 
the coming decade, first energy reduction targets were 
set for such buildings in the United States and Canada, 
as 15% of the typical heating loads. The standard got 
adapted in many European countries over time. By 1996, 
the Passive Haus Standard in Germany became quite 
rigorous. During this time, popularity of passive build-
ings was localised in Europe. Over last two decades, pas-
sive buildings have been slowly gaining foothold in other 
regions of the world especially in North America. Later 
on, PHIUS devised two major passive building stand-
ards, called PHIUS CORE and PHIUS ZERO [176, 177]. 
These were major advancements over previous building 

Fig. 8  Advancement of PHIUS CORE and PHIUS ZERO standards over previous building codes
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codes from different organisations including Interna-
tional Energy Conservation Code (IECC) 2009 and 2012, 
Energy Star v3 and v3.1, and ZERH, as shown in Fig. 8.

PHIUS CORE and PHIUS ZERO has two basic stra-
tegic components, viz. energy model performance and 
on-site quality assurance via testing/inspection. The 
main certification requirements include various targets 
to be reached. While air tightness needs to be restricted 
to 0.060 cubic feet per minute for every square feet of 
envelope area to change building pressure by 50 Pa, 
space conditioning targets (including heating and cool-
ing demands) are based on cost optimization, climate, 
occupant density and envelope to floor area ratio. PHIUS 
also provides a calculator to obtain space conditioning 
targets depending on aforementioned factors. The net 
energy target should be checked against energy demand 
at the source rather than energy consumed at the site, to 
obtain a better estimate for carbon emissions. Site energy 
demand can be estimated from site energy demand using 
source energy factor, which in turn depends on energy 
source. While PHIUS CORE sets certain limits on source 
energy demand for buildings, PHIUS ZERO prescribes 
net zero source energy demand over a year. In order to 
achieve these targets, buildings may need to employ both 
active and passive strategies. Additional quality require-
ments include regulation of combustion-venting systems 
and use of building materials with low emissions. These 
standards also include climate-specific guidelines which 
is important as discussed in the previous section. The 
most commonly implemented guidelines are prescrip-
tive, which comprise of criteria listed in Table 2.

On a general note, the upgradation from PHIUS 
CORE to PHIUS ZERO can be understood as the fol-
lowing remark. In order to get a building certified with 
PHIUS CORE, one needs to ensure quality and durabil-
ity of structure, and to employ passive and active energy 
conservation strategies. Further, to get certification from 
PHIUS ZERO, the stakeholders have to explore on-site 
renewable energy sources and even off-site renewable 

energy sources in some cases. The hierarchy is to explore 
measures in the following order: passive energy con-
servation, active energy conservation, on-site energy 
generation from renewable sources and off-site energy 
generation from renewable sources.

Till the end of 2021, over 950 projects with a total of 
over 13,000 housing units have been submitted for 
obtaining certification from PHIUS. There has been an 
exponential growth in buildings applying for certification 
every year. The PHIUS certification guidebook contains 
guidelines for certifications depending on project type, 
viz., single-unit and multi-unit residential buildings, 
community buildings, commercial buildings and multi-
use buildings.

Standards from PHI organisations in other regions are 
similar to PHIUS CORE and PHIUS ZERO. They aim to 
lower energy consumption of buildings by means of five 
key principles, viz. compact building form, super-insu-
lated building envelope with continuous control layers, 
balanced ventilation with minimal mechanical systems, 
high-performance windows, and air-tightness. These 
principles become most critical at the boundaries of 
various elements such as connections between walls and 
windows. This is achieved by introducing thermal breaks 
and avoiding thermal bridges. The international build-
ing criteria from PHI typically include limits on heating 
demand, cooling demand, source energy demand and 
airtightness. While annual heating demand is restricted 
to 15 kWh/m2, annual cooling demand is limited to 70 
kWh/m2 depending on climatic zone. The primary source 
energy demand for a year should not exceed to 120 kWh/
m2. Airtightness of the building should be restricted to 
0.6 air changes per hour at pressure of 50 Pascals. These 
standards also evaluate climate-specific energy demand 
which is important as discussed in the previous section 
[178].

The common challenges for implementation of passive 
building specifications are differences in climate, culture 
and construction. In case of emerging economies like 

Table 2  Prescriptive path to PHIUS certified passive buildings

Criteria Description

Compactness To prevent non-compact designs, by restricting enclosure area based on geometry of the buildings

Solar protection To achieve optimal solar heat gain through appropriate fenestration orientations and overhangs
To limit high peaks in cooling load in summers, and to limit net heat loss in winters
Different limits set for different climate zones, using regression

Thermal enclosure To set maximum U-value for fenestration and minimum R-value for walls and roofs, using climate-dependent regression 
formulae

Mechanical ventilation To set climate-specific limits on ventilation to obtain continuous fresh air supply while achieving required thermal enclosure

Mechanical systems To use energy efficient air source and ground source heat pumps, depending on climate zone of the site

Lighting, appliances and 
water heating

To use energy efficient electrical appliances, usually in compliance with ENERGY STAR or ENERGY STAR Most Efficient 2020 
appliance ratings
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India, there are other challenges such as lack of required 
awareness, knowledge and training among individuals, 
and unavailability and/or unaffordability of components. 
Construction and monitoring of pilot projects are likely 
to be helpful in designing guidelines for these regions. 
Further, passive building regulations should be accompa-
nied with adequate incentives. Traditional construction 
methods should also be scientifically tested to achieve 
energy efficiency. This will enable the local artisans 
and masons, and also make the building affordable and 
energy efficient. Collaboration of local and international 
experts with construction industry practitioners is also 
required to achieve wide popularity of passive buildings.

Apart from passive buildings, there has been a global 
impetus towards net zero energy buildings. The energy 
produced from renewable sources by these buildings 
over a year is equal to their annual energy demand. 
California Public Utilities Commission, the leading 
body for Net Zero Energy Building (NZEB) policies in 
California, aims to have 100% of new and 50% of exist-
ing commercial construction in California to be net 
zero energy. At the same time, it also has a target of 
all new federal buildings to be net zero energy. Build-
ing Energy Efficiency Program, Appliance Efficiency 
Program, Non-Residential Building Energy Use Disclo-
sure Program, California Green Building Standards and 
Zero Net Energy Pilot Programs are major initiatives 
in this direction. Across the nation, U.S. Department 
of Energy has been actively organising competitions, 
award functions and other events aimed at spreading 
awareness towards energy efficient buildings.

In Europe, European Union issues Directive on Energy 
Performance of Buildings (EPBD) periodically, which 

sets NZEB goals and binds member nations to achieve 
them [179]. There are other directives such as Renewable 
Energy Directive, Energy Service Directive Energy Effi-
ciency Directive, Eco-design Directive and Energy Label-
ling Directive. However, member nations are free to set 
their interim targets. For instance, Germany has set target 
reduction of 80% in primary energy requirement and has 
aimed to achieve climate-neutral building stock by 2050.

In Japan, all buildings, including new and existing ones, 
are set to be net zero energy by 2050. Voluntary building 
standards for both residential and commercial buildings 
are regularly strengthened in this context. Comprehen-
sive Assessment System for Building Environmental Effi-
ciency (CASBEE) is a green building rating system which 
evaluates environmental performance of buildings, and 
has been made mandatory by over 24 local governments 
in Japan [180]. The country also has system of loans, 
grants and tax incentives under Low Carbon Cities Pro-
motion Act, Eco-point Housing Program, Zero-Energy 
Housing Grant Program and other subsidy programs, 
to provide impetus to construction of energy efficient 
buildings.

In particular to India, “Net Zero Energy Buildings” is 
an alliance of multiple organizations aiming to acceler-
ate market development of NZEBs in India, with a tar-
get of making them affordable by 2030. It aims to achieve 
this through innovation and research in design and con-
struction practices related to NZEBs along with skill 
development of the workforce. It derives inspiration 
from aforementioned policies and case studies related to 
NZEBs adopted in different regions of the world. A mar-
vel of NZEB implementation in India is the Nalanda Uni-
versity [181].

Fig. 9  Status of building energy codes across different nations and states [4]
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There are a number of rating systems which rate build-
ings as per their energy efficiency. The most prominent 
among them are Home Quality Mark Standard from 
The U.K. Building Research Establishment Environmen-
tal Assessment Method (BREEAM) [182], Leadership in 
Energy and Environmental Design (LEED) Green Build-
ing Rating System from U.S. Green Building Council 
(USGBC) [183], EnerGuide Rating System (ERS) from 
Sustainable Buildings Canada (SBC) [184], Home Energy 
Rating System (HERS) from Residential Energy Services 
Network (RESNET) [185], and Energy Conservation 
Building Code (ECBC) from Bureau of Energy Efficiency 
(BEE) in India [186].

A number of countries are gradually coming up with 
their own standards on passive house construction 
based on their climates [187]. This is evident from Fig. 9 
[4]. However, most parts of the world are yet to initiate 
the process. Therefore, passive building designers have 
to rely on specialist literature in order to comprehend 
economic feasibility and climatic adaptability. In this 
context, a large number of relevant past literature are 
cited in the previous two sections. Since passive build-
ings are an evolving domain with huge scope of innova-
tions, the upcoming section contains recent research 
trends in its various sub-domains. This will help novice 
researchers in finding research gaps and initiating their 
research, and practitioners in getting familiar with recent 
advancements.

Contemporary research
It is evident from previous sections that passive build-
ings are likely to be answers to menaces of energy 
crisis and emissions originating from buildings and 
building construction industries. Standards from dif-
ferent Passive House Institutes have set up rigorous 
requirements in this context, such as reducing heat-
ing and cooling demands by 90% and 75% respectively. 
Since this goal is not possible to achieve using active 
measures like efficient lighting, HVAC and plumbing 
systems, passive measures such as changes to build-
ing envelope become essential. Development of these 
modifications in building envelopes requires inno-
vation, simulation and testing [188]. The first step is 
to conceive a plausible concept based on knowledge 
from multiple disciplines such as thermodynamics, 
planetary science and climate science. The conceived 
concept is then numerically simulated to understand 
possible efficiency of the concerned modifications. 
If the concept is found worth, experiments are con-
ducted to test the actual efficiency of planned passive 
strategies. Since experiments can be cumbersome and 
expensive, the simulation step should be used to reject 
unviable strategies.

It should be understood that both simulation and test-
ing should preferably be performed on full building 
model rather than just on components. Different com-
binations of components can be used to create different 
building models, so as to arrive at the most economi-
cally feasible and climatically suitable solution. These 
are called Building Envelope Optimization (BEO) prob-
lems, and are usually multi-objective in nature. While 
some studies pertain to hypothetical structures to assess 
efficacies of devised passive strategies [189–204], oth-
ers analyse performance of constructed passive build-
ings [205–210]. Despite these advances, there are a lot of 
research gaps in the domain of BEO [211].

Many researchers have also been actively working on 
simulation programs and tools used to solve multi-objec-
tive building envelope optimization problems [212–216]. 
Some of the commonly used simulation tools are BLAST, 
BSimDeST, DOE-2.1E, Ener-Win, EnergyPlus, eQUEST, 
SUNREL, TRNSYS, Lightscape and DesignBuilder.

Despite advances in simulation programs to estimate 
efficacy of passive building design, testing the concept 
passive building is equally important. This requires a 
multi-disciplinary team. Efficacy measurement in prac-
tice requires installation of a sensor network system 
capable of quantifying comfort of occupants. A lot of 
recent research has focussed on building energy manage-
ment system (BEMS) using sensor network and Inter-
net of Things (IoT) [217–224]. Using advanced sensor 
network, it is possible to monitor and quantify different 
parameters such as indoor temperature, speed of wind 
outside the building and real-time energy consumption. 
Using IoT, adaptable system architecture can be estab-
lished which can make use of sensor data to improve the 
performance of the passive building [225]. Designing an 
efficient sensor network with IoT for a given building still 
depends on expertise and experience of the multi-disci-
plinary team.

Summary
This article presents a review of passive buildings from 
different perspectives, viz. technical design, economic 
feasibility, climatic adaptability, present state of practice 
and novel research opportunities. To summarize, pas-
sive buildings exhibit low energy consumption through 
compact building form, super-insulated building enve-
lope with continuous control layers, balanced ventilation 
with minimal mechanical systems, high-performance 
windows, and air-tightness. These characteristics are 
achieved using diverse materials and technologies in the 
building envelope. The building envelope largely com-
prises of walls and roofs, and openings such as doors 
and windows. Owing to their low energy demand, these 
buildings are greener than conventional buildings.
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Moreover, low energy consumption has a potential to 
retrieve the initial investment. This economic feasibility 
can be assessed by estimating the lifecycle cost in terms 
of present value. While the initial cost stays the same, 
the future costs such as those involved in operations, 
maintenance and disposal are brought to their respective 
present value through discounting. The lifecycle cost is 
usually considered over a specified study period. A num-
ber of supplemental measures of economic feasibility is 
also discussed in the article.

Since passive buildings aim at occupants’ comfort while 
being energy efficient, local climate has huge impact 
on requirements of such buildings. As a result, build-
ing envelope parameters need to be optimized in order 
to achieve desired results. Climate change adds another 
challenge as the climatic conditions are likely to change 
over the study period.

A number of prominent passive building standards 
and energy rating systems are also outlined in the arti-
cle. These standards vary from prescriptive to perfor-
mance-based and further to outcome-based. While 
a number of countries are making strides towards 
developing their own standards in order to make pas-
sive buildings acceptable and popular, a large number 
of countries are yet to initiate their moves. However, 
there is a common consensus that passive buildings are 
a solution to menaces of energy crisis and emissions 
from buildings and building construction industries.

It is also well understood that design of passive build-
ings is a multi-objective multi-constraint optimization 
problem. While reduced lifecycle costs, comfort to 
occupants and enhanced functionality are significant 
objectives, economic feasibility, climatic adaptability 
and ease of construction are major constraints. Consid-
ering the multi-disciplinary nature of these objectives 
and constraints, researchers from diverse disciplines 
have been actively working towards simplifying design 
of passive buildings. This article also contains some of 
the most active research trends in passive buildings, 
and cites recent and relevant articles. This is likely to be 
useful to novice researchers and practitioners. Greater 
the research in passive buildings and allied domains 
including wireless sensor networks and Internet of 
Things (IoT).

Acknowledgements
The authors gratefully acknowledge resources provided by National Institute 
of Technology Andhra Pradesh and Ministry of Education (MoE), Govt. of India.

Authors’ contributions
Review of literature: Building envelope components for energy efficiency: 
Vishwajit Anand and Vishnu Lakshmi Kadiri; Economic feasibility of passive 
buildings: Vishwajit Anand and Vishnu Lakshmi Kadiri; Climatic adaptability of 
passive buildings: Vishwajit Anand; Standards on passive buildings: Vishwajit 
Anand and Chandrasekhar Putcha. Preparation of manuscript: Initial Draft: 
Vishwajit Anand; Revision before first submission: Vishwajit Anand and Vishnu 

Lakshmi Kadiri; Flow of manuscript: Chandrasekhar Putcha; Revision after 
reviewers’ comments: Vishwajit Anand. All the authors read and approved the 
final manuscript for submission.

Funding
The authors declare that no funding was received from any public or private 
institution for the work contained in this manuscript.

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated or 
analysed during the current study.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 15 October 2022   Revised: 17 December 2022   Accepted: 20 
December 2022

References
	 1.	 National Oceanic and Atmospheric Administration (2021) National 

Centers for Environmental Information, state of the climate: global 
climate report for annual 2020. Published online in January 2021, 
Retrieved on November 20, 2021 from https://​www.​ncdc.​noaa.​gov/​
sotc/​global/​202013

	 2.	 Sweet WV, Kopp RE, Weaver CP, Obeysekera J, Horton RM, Thieler ER, 
Zervas C (2017) Global and regional sea level rise scenarios for the 
United States, NOAA Technical Report NOS CO-OPS 083. National 
Oceanic and Atmospheric Administration,  Silver Spring

	 3.	 United Nations / Framework Convention on Climate Change (2015) 
Adoption of the Paris agreement. 21st Conference of the Parties, Paris

	 4.	 United Nations Environment Programme (2021) Global status report for 
buildings and construction: towards a zero-emission, efficient and resil-
ient buildings and construction sector, Nairobi. Accessible at: https://​
globa​labc.​org

	 5.	 Berardi U (2017) A cross-country comparison of the building energy 
consumptions and their trends. Resour Conserv Recycl 123:230–241

	 6.	 United Nations Environment Programme (2020) 2020 global status 
report for buildings and construction: towards a zero-emission, efficient 
and resilient buildings and construction sector, Nairobi. Accessible at: 
https://​globa​labc.​org

	 7.	 Li X, Shen C, Yu CWF (2017) Building energy efficiency: passive technol-
ogy or active technology? Indoor Built Environ 26(6):729–732

	 8.	 Sadineni SB, Madala S, Boehm RF (2011) Passive building energy sav-
ings: a review of building envelope components. Renew Sust Energ Rev 
15:3617–3631

	 9.	 Heralova RS (2017) Lifecycle costing as an important contribution to 
feasibility study in construction projects. Procedia Eng 196:565–570

	 10.	 Hajare A, Elwakil E (2020) Integration of lifecycle cost analysis and 
energy simulation for building energy-efficient strategies assessment. 
Sustain Cities Soc 61:102293

	 11.	 Elnagar E, Kohler B (2020) Reduction of the energy demand with 
passive approaches in multifamily nearly zero-energy buildings under 
different climate conditions. Front Energy Res 8:545272. https://​doi.​org/​
10.​3389/​fenrg.​2020.​545272

	 12.	 Li X, Deng Q, Ren Z, Shan X, Yang G (2021) Parametric study on 
residential passive house building in different Chinese climate zones. 
Sustainability 13:4416

	 13.	 Kansal R, Kadambari G (2010) Green buildings: an assessment of life 
cycle cost. IUP J Infrastruct VIII(4):50–57

	 14.	 Chan KT, Chow WK (1998) Energy impact of commercial-building 
envelopes in the sub-tropical climate. Appl Energy 60(1):21–39

	 15.	 Balaras CA, Droutsa K, Argiriou AA, Asimakopoulos DN (2000) Poten-
tial for energy conservation in apartment buildings. Energy Build 
31(2):143–154

https://www.ncdc.noaa.gov/sotc/global/202013
https://www.ncdc.noaa.gov/sotc/global/202013
https://globalabc.org
https://globalabc.org
https://globalabc.org
https://doi.org/10.3389/fenrg.2020.545272
https://doi.org/10.3389/fenrg.2020.545272


Page 20 of 24Anand et al. J Infrastruct Preserv Resil             (2023) 4:3 

	 16.	 Cheung CK, Fuller RJ, Luther MB (2005) Energy-efficient envelope 
design for high-rise apartments. Energy Build 37(1):37–48

	 17.	 Ghabra N, Rodrigues L, Oldfield P (2017) The impact of the building 
envelope on the energy efficiency of residential tall buildings in Saudi 
Arabia. Int J Low Carbon Technol 12(4):411–419

	 18.	 Lai CM, Wang YH (2011) Energy saving potential of building envelope 
designs in residential houses in Taiwan. Energies 4(12):2061–2076

	 19.	 Capeluto IG (2003) Energy performance of the self-shading building 
envelope. Energy Build 35(3):327–336

	 20.	 Piotrowska E, Borchert A (2017) Energy consumption of buildings 
depends on the daylight. E3S Web Conf 14:01029

	 21.	 Sun N, Cui Y, Jiang Y, Ii S (2018) Lighting and ventilation-based building 
sun-shading design and simulation case in cold regions. Energy Proce-
dia 152:462–469

	 22.	 Zemitis J, Borodinecs A (2019) Energy saving potential of ventilation 
systems with exhaust air heat recovery. IOP Conf Ser Mater Sci Eng 
660:012019

	 23.	 Edwards L, Torcellini P (2002) A literature review of the effects of natural 
light on building occupants, NREL/TP-550-30769. National Renewable 
Energy Laboratory, Colorado

	 24.	 Boubekri M, Cheung IN, Reid KJ, Wang CH, Zee PC (2014) Impact of 
windows and daylight exposure on overall health and sleep qual-
ity of office workers: a case-control pilot study. J Clin Sleep Med 
10(6):603–611

	 25.	 Jamrozik A, Clements N, Hasan SS, Zhao J, Zhang R, Campanella C, 
Loftness V, Porter P, Ly S, Wang S, Bauer B (2019) Access to daylight 
and view in an office improves cognitive performance and satisfac-
tion and reduces eyestrain: a controlled crossover study. Build Environ 
165:106379

	 26.	 Mardaljevic J (2021) The implementation of natural lighting for human 
health from a planning perspective. Light Res Technol 53:489–513

	 27.	 Price BA, Smith TF (1995) Thermal response of composite building 
envelopes accounting for thermal radiation. Energy Convers Manag 
36(1):23–33

	 28.	 Kaur J, Kaur P, Aggarwal SK (2017) Thermal performance of a building 
envelope- an evaluative approach. Int J Res Anal Rev 4(3):122–128

	 29.	 Wang P, Gong G, Zhou Y, Qin B (2018) A simplified calculation method 
for building envelope cooling loads in central South China. Energies 
11:1708

	 30.	 Revuelta-Acosta JD, Garcia-Diaz A, Soto-Zarazua GM, Rico-Garcia E 
(2010) Adobe as a sustainable material: a thermal performance. J Appl 
Sci 10:2211–2216

	 31.	 Tufan B, Kun M (2014) Thermal insulation performance and thermal 
conductivity evaluation of natural stones by infrared thermography. In: 
Proceedings of the international conference on mining, material and 
metallurgical engineering, p 62

	 32.	 Leo Samuel DG, Dharmasastha K, Shiva Nagendra SM, Prakash Maiya M 
(2017) Thermal comfort in traditional buildings composed of local and 
modern construction materials. Int J Sustain Built Environ 6(2):463–475

	 33.	 AlQdah KS (2021) Effect of using natural and local environment con-
tents on the thermal conductivity of building materials; case in Medina, 
Saudi Arabia. Case Stud Therm Eng 28:101597

	 34.	 Asadi I, Shafigh P, Hasan ZFBA, Mahyuddin NB (2018) Thermal conduc-
tivity of concrete- a review. J Build Eng 20:81–93

	 35.	 Bekkouche SMA, Benouaz T, Cherier MK, Hamdani M, Yaiche MR, 
Benamrane N (2013) Thermal resistances of air in cavity walls and their 
effect upon the thermal insulation performance. Int J Energy Environ 
4(3):459–466

	 36.	 Williams JR (1979) Solar energy for heating and cooling. In: Dixon, Leslie 
(eds) Solar energy conversion, pp 377–391

	 37.	 Ismaiel M, Chen Y, Cruz-Noguez C, Hagel M (2022) Thermal resistance of 
masonry walls: a literature review on influence factors, evaluation, and 
improvement. J Build Phys 45(4):528–567

	 38.	 Ciampi M, Leccese F, Tuoni G (2003) Ventilated facades energy perfor-
mance in summer cooling of buildings. Sol Energy 75(6):491–502

	 39.	 Aldawi F, Alam F (2016) Residential building wall systems: energy 
efficiency and carbon footprint. In: Khan MK, Hassan NMS (eds) Ther-
mofluid modelling for energy efficiency applications, pp 169–196

	 40.	 Ling TC, Poon CS (2013) Use of phase change materials for thermal 
energy storage in concrete: an overview. Constr Build Mater 46:55–62

	 41.	 Cui Y, Xie J, Liu J, Pan S (2015) Review of phase change materials inte-
grated in building walls for energy saving. Procedia Eng 121:763–770

	 42.	 Adesina A (2019) Use of phase change materials in concrete: current 
challenges. Renew Energy Environ Sustain 4:9

	 43.	 Athienitis AK, Liu C, Hawes D, Banu D, Feldman D (1997) Investigation of 
the thermal performance of a passive solar test-room with wall latent 
heat storage. Build Environ 32(5):405–410

	 44.	 Kuznik F, Virgone J (2009) Experimental assessment of a phase change 
material for wall building use. Appl Energy 86(10):2038–2046

	 45.	 Saadatian O, Sopian KB, Lim CH, Asim N, Sulaiman MY (2012) Trombe 
walls: a review of opportunities and challenges in research and devel-
opment. Renew Sust Energ Rev 16(8):6340–6351

	 46.	 Zalewski L, Chantant M, Lassue S, Duthoit B (1997) Experimental ther-
mal study of a solar wall of composite type. Energy Build 25(1):7–18

	 47.	 Sharma AK, Bansal NK, Sodha MS, Gupta V (1989) Vary-therm wall for 
cooling/heating of buildings in composite climate. Int J Energy Res 
13(6):733–739

	 48.	 Torcellini P, Pless S (2004) Trombe walls in low-energy buildings: practi-
cal experiences, NREL/CP-36277. World Renewable Energy Congress VIII 
and Expo, Colorado

	 49.	 Dabaieh M, Elbably A (2015) Ventilated Trombe wall as a passive solar 
heating and cooling retrofitting approach; a low-tech design for off-
grid settlements in semi-arid climates. Sol Energy 122:820–833

	 50.	 Zrikem Z, Bilgen E (1986) Theoretical study of a non-convective 
Trombe wall collector with honeycomb structure. Sol Wind Technol 
3(1):33–44

	 51.	 Zalewski L, Lassue S, Duthoit B, Butez M (2002) Study of solar walls- 
validating a simulation model. Build Environ 37(1):109–121

	 52.	 Jie J, Hua Y, Wei H, Gang P, Jianping L, Bin J (2007) Modelling of a 
novel Trombe wall with PV cells. Build Environ 42(3):1544–1552

	 53.	 Biyik E, Araz M, Hepbasil A, Shahrestani M, Yao R, Shao L, Essah E, 
Oliveira AC, del Cano T, Rico E, Lechon JL, Andrade L, Mendes A, Atli 
YB (2017) A key review of building integrated photovoltaic (BIPV) 
systems. Eng Sci Technol Int J 20(3):833–858

	 54.	 Tyagi VV, Buddhi D (2007) PCM thermal storage in buildings: a state 
of art. Renew Sust Energ Rev 11(6):1146–1166

	 55.	 Omara AAM, Abuelnuor AAA (2020) Trombe walls with phase change 
materials: a review. Energy Storage 2(6):e123

	 56.	 Tunc M, Uysal M (1991) Passive solar heating of buildings using a 
fluidized bed plus Trombe wall system. Appl Energy 38(3):199–213

	 57.	 Hu Z, He W, Ji J, Zhang S (2017) A review on the application of 
Trombe wall system in buildings. Renew Sust Energ Rev 70:976–987

	 58.	 Wang X, Xi Q, Ma Q (2021) A review of current work in research of 
Trombe walls. E3S Web Conf 248:03025

	 59.	 Fuchs R, McClelland JF (1979) Passive solar heating of buildings using 
a transwall structure. Sol Energy 23(2):123–128

	 60.	 Nayak JK (1987) Transwall versus trombe wall: relative performance 
studies. Energy Convers Manag 27(4):389–393

	 61.	 Swathy PS (2017) Concepts from traditional Indian architecture to 
reduce energy consumption in modern Indian architecture (Masters 
Thesis). Harvard Extension School, Massachusetts

	 62.	 Sanjay M, Chand P (2008) Passive cooling techniques of buildings: 
past and present- a review. ARISER 4(1):37–46

	 63.	 Alvarado JL, Terrell W Jr, Johnson MD (2009) Passive cooling systems 
for cement-based roofs. Build Environ 44(9):1869–1875

	 64.	 Ahmad I (2010) Performance of antisolar insulated roof system. 
Renew Energy 35(1):36–41

	 65.	 Singh SP, Sunayana (2017) Cool roof technology. Int J Sci Res Dev 
4:97–101

	 66.	 Han J, Lu J, Yang H (2009) Investigation on the thermal performance 
of different lightweight roofing structures and its effect on space 
cooling load. Appl Therm Eng 29:2491–2499

	 67.	 Ciampi M, Leccese F, Tuoni G (2005) Energy analysis of ventilated and 
microventilated roofs. Sol Energy 79(2):183–192

	 68.	 Ahmed T, Kumar P, Mottet L (2021) Natural ventilation in warm 
climates: the challenges of thermal comfort, heatwave resilience and 
indoor air quality. Renew Sust Energ Rev 138:110669

	 69.	 Ferrari C, Muscio A (2019) Ventilated pitched roof with forced ventila-
tion and flow homogenizer device: testing and performance assess-
ment. J Phys Conf Ser 1224:012027



Page 21 of 24Anand et al. J Infrastruct Preserv Resil             (2023) 4:3 	

	 70.	 Tang R, Meir IA, Wu T (2006) Thermal performance of non-air-con-
ditioned buildings with vaulted roofs in comparison with flat roofs. 
Build Environ 41(3):268–276

	 71.	 Ayoub M, Elseragy A (2018) Parametrization of traditional domed-
roofs insulation in hot-arid climates in Aswan, Egypt. Energy Environ 
29(1):109–130

	 72.	 Elnokaly A, Ayoub M, Elseragy A (2019) Parametric investigation 
of traditional vaulted roofs in hot-arid climates. Renew Energy 
138:250–262

	 73.	 Akbari H, Levinson R, Rainer L (2005) Monitoring the energy-use 
effects of cool roofs on California commercial buildings. Energy Build 
37(10):1007–1016

	 74.	 Liu KKY (2006) Green, reflective and photovoltaic roofs. Constr Can 
48(5):44

	 75.	 Hernandez-Perez I, Xaman J, Macias-Melo EV, Aguilar-Castro KM, Zavala 
Guillen I, Hernandez-Lopez I, Sima E (2018) Experimental thermal 
evaluation of building roofs with conventional and reflective coatings. 
Energy Build 158:569–579

	 76.	 Li WC, Yeung KKA (2014) A comprehensive study of green roof per-
formance from environmental perspective. Int J Sustain Built Environ 
3(1):127–134

	 77.	 Vijayaraghavan K (2016) Green roofs: a critical review on the role of 
components, benefits, limitations and trends. Renew Sust Energ Rev 
57:740–752

	 78.	 Castleton HF, Stovin V, Beck SBM, Davison JB (2010) Green roofs: 
building energy savings and the potential for retrofit. Energy Build 
42(10):1582–1591

	 79.	 Wong NH, Cheong DKW, Yan H, Soh J, Ong CL, Sia A (2003) The 
effects of rooftop garden on energy consumption of a commercial 
building in Singapore. Energy Build 35(4):353–364

	 80.	 Gaffin S, Rosenzweig C, Parshall L, Beattie D, Berghage R, O’Keefe G, 
Braman D (2005) Energy balance modelling applied to a comparison 
of white and green roof cooling efficiency. In: Presentation at green-
ing rooftops for sustainable communities

	 81.	 Liu Z (2011) Prediction of soil layer R-value dependence on moisture 
content (Masters Thesis). Portland State University, Oregon

	 82.	 Toffour HO, Bonsu M, Atakora WK, Abubakari A (2014) Evaporative 
cooling of wet soil surface under different agricultural land use 
systems. Int J Sci Res Environ Sci 2(9):323–331

	 83.	 Niachou A, Papakonstantinou K, Santamouris M, Tsangrassoulis A, 
Mihalakakou G (2001) Analysis of the green roof thermal proper-
ties and investigation of its energy performance. Energy Build 
33(7):719–729

	 84.	 Wong NH, Chen Y, Ong CL, Sia A (2003) Investigation of thermal 
benefits of rooftop garden in the tropical environment. Build Environ 
38(2):261–270

	 85.	 Liu K, Minor J (2003) Performance evaluation of an extensive green 
roof. Green Rooftops for Sustainable Communities, Washington, pp 
1–11

	 86.	 Suszanowicz D, Wiecek AK (2019) The impact of green roofs on the 
parameters of the environment in urban areas- review. Atmosphere 
10:792

	 87.	 Ben Cheikh H, Bouchair A (2004) Passive cooling by evapo-reflective 
roof ofr hot dry climates. Renew Energy 29(11):1877–1886

	 88.	 Bahaj AS (2003) Photovoltaic roofing: issues of design and integration 
into buildings. Renew Energy 28(14):2195–2204

	 89.	 Alshayeb M, Chang JD (2016) Photovoltaic energy variations due to 
roofing choice. Procedia Eng 145:1104–1109

	 90.	 Hui SCM, Chan SC (2011) Integration of green roof and solar photo-
voltaic systems. In: Joint symposium: Integrated building design in the 
new era of sustainability, Hong Kong

	 91.	 Zluwa I, Pitha U (2021) The combination of building greenery and 
photovoltaic energy production- a discussion of challenges and oppor-
tunities in design. Sustainability 13:1537

	 92.	 Robinson PD, Hutchins MG (1994) Advanced glazing technology for 
low energy buildings in the UK. Renew Energy 5:298–309

	 93.	 Hammond G (2001) Thermal performance of advanced glazing sys-
tems. J Energy Inst 74:498

	 94.	 Kheybari AG, Steiner T, Liu S, Hoffmann S (2021) Controlling switchable 
electrochromic glazing for energy savings, visual comfort and thermal 
comfort: a model predictive control. CivilEng 2:1019–1051

	 95.	 Bahaj AS, James PAB, Jentsch MF (2008) Potential of emerging glazing 
technologies for highly glazed buildings in hot arid climates. Energy 
Build 40(5):720–731

	 96.	 Berardi U (2015) Development of glazing systems with silica aerogel. 
Energy Procedia 78:394–399

	 97.	 Buratti C, Belloni E, Merli F, Zinzi M (2021) Aerogel glazing systems for 
building applications: a review. Energy Build 231:110587

	 98.	 Sullivan R, Beck FA, Arasteh DK, Selkowitz SE (1996) Energy performance 
of evacuated glazings in residential buildings. Trans Am Soc Heat Refrig 
Air Cond Eng 102:220–227

	 99.	 Papaefthimiou S, Syrrakou E, Yianoulis P (2006) Energy performance 
assessment of an electrochromic window. Thin Soild Films 502:257–264

	100.	 Brzezicki M (2021) A systematic review of the most recent concepts in 
smart windows technologies with a focus on electrochromics. Sustain-
ability 13:9604

	101.	 Garrison JD, Collins RE (1995) Manufacture and cost of vacuum glazing. 
Sol Energy 55(3):151–161

	102.	 Aguilar-Santana JL, Jarimi H, Velasco-Carrasco M, Riffat S (2020) Review 
on window-glazing technologies and future prospects. Int J Low 
Carbon Technol 15(1):112–120

	103.	 Ross E J, Nichols J B, and Shibut L (2021) Determinants of losses on 
construction loans: bad loans, bad banks, or bad markets? FDIC CFR WP 
2021–07. Federal Deposit Insurance Corporation- Center for Financial 
Research, Working Paper Series

	104.	 Zalejska-Jonsson A, Lind H, Hintze S (2012) Low-energy versus con-
ventional residential buildings: cost and profit. J Eur Real Estate Res 
5(3):211–228

	105.	 Pitts A (2017) Passive house and low energy buildings: barriers and 
opportunities for future development within UK practice. Sustainability 
9:272

	106.	 Figueiredo A, Rebelo F, Castanho RA, Oliveira R, Lousada S, Vicente R, 
Ferreira VM (2020) Implementation and challenges of the passive house 
concept in Portugal: lessons learnt from successful experience. Sustain-
ability 12:8761

	107.	 Saka N, Olanipekun AO, Omotayo T (2021) Rewards and compensation 
incentives for enhancing green building construction. Environ Sustain 
Indic 11:100138

	108.	 NIST (2020) Life cycle costing manual for the Federal Energy Manage-
ment Program, NIST handbook 135. US Department of Commerce, 
Washington

	109.	 CFR (2018) 10 Code of Federal Regulations (CFR) 436, subpart A, meth-
odology and procedures for life-cycle cost analysis. https://​www.​ecfr.​
gov/​curre​nt/​title-​10/​chapt​er-​II/​subch​apter-D/​part-​436/​subpa​rt-A

	110.	 OMB (2018) Discount rates for cost-effectiveness analysis of federal 
programs: revisions to Appendix C of OMB Circular A-94.83 FR 5646

	111.	 Zou C, Zhao Q, Zhang G, Xiong B (2016) Energy revolution: from a fossil 
energy era to a new energy era. Nat Gas Ind B 3(1):1–11

	112.	 Carr AJ, Gibson B, Robinson PG (2001) Is quality of life determined by 
expectations or experience? Br Med J 322(7296):1240–1243

	113.	 Higginson IJ, Carr AJ (2001) Using quality of life measures in the clinical 
setting. Br Med J 322(7297):1297–1300

	114.	 Burckhardt CS, Anderson KL (2003) The quality of life scale (QOLS): reli-
ability, validity, and utilization. Health Qual Life Outcomes 1:60

	115.	 Ruzevicius J, Akranaviciute D (2007) Quality of life and its components’ 
measurement. Eng Econ 2:43–48

	116.	 Kerce EW (1992) Quality of life: meaning, measurement and models. 
Navy Personnel Research and Development Center, San Diego

	117.	 FEMP (2005) Guidance on lifecycle cost analysis required by executive 
order 13123. Federal Energy Management Program, Washington DC

	118.	 Fuller S (1998) Guide and criteria for training FEMP-qualified lifecycle 
cost instructors, NIST Interagency/Internal Report (NISTIR). National 
Institute of Standards and Technology, Gaithersburg

	119.	 Kozma G, Molnar E, Czimre K, Penzes J (2013) Geographical aspects of 
the diffusion of passive houses. Int Rev Appl Sci Eng 4(2):151–156

	120.	 Chungloo S, Limmeechokchai B, Chungpaibulpatana S (2001) Paramet-
ric analysis of energy efficient building envelope of Thailand. Asian J 
Energy Environ 2(2):125–143

	121.	 Abaza HF (2002) An integrated design and control strategy for energy 
efficient building (doctoral thesis). Virginia Polytechnic Institute and 
State University, Virginia

https://www.ecfr.gov/current/title-10/chapter-II/subchapter-D/part-436/subpart-A
https://www.ecfr.gov/current/title-10/chapter-II/subchapter-D/part-436/subpart-A


Page 22 of 24Anand et al. J Infrastruct Preserv Resil             (2023) 4:3 

	122.	 Ibrahim N, Zain-Ahmed A (2006) Energy saving due to daylighting: a 
simplified prediction tool for wall envelope design of air-conditioned 
office buildings in Malaysia. Built Environ 3(1):63–75

	123.	 Pan Y, Yin R, Huang Z (2008) Energy modelling of two office buildings 
with data center for green building design. Energy Build 40:1145–1152

	124.	 Velan C (2013) Evaluation of system design parameters for optimum 
energy performance of a green IT building (doctoral thesis). Dr. M.G.R. 
Educational and Research Institute, Chennai

	125.	 Andarini R (2014) The role of building thermal simulation for energy 
efficient building design, in Conference and Exhibition Indonesia 
Renewable Energy & Energy Conservation. Energy Procedia 47:217–226

	126.	 Bandara R, Attalage R (2014) Optimization of life cycle cost of build-
ings in terms of envelope elements through combined performance 
modelling and generic optimization. Proceedings of National Energy 
Symposium, Colombo, pp 1–7

	127.	 Perera A, Sirimanna M (2014) A novel simulation based evolutionary 
algorithm to optimize building envelope for energy efficient building. 
In: Proceedings of 7th international conference, pp 1–6

	128.	 Sang X, Pan W, Kumaraswamy MM (2019) Informing energy-efficient 
building envelope design decisions for Hong Kong. Energy Procedia 
62:123–131

	129.	 Lau AK, Salleh E, Lim CH, Sulaiman MY (2016) Potential of shading 
devices and glazing configurations on cooling energy savings for high-
rise office buildings in hot-humid climates: the case of Malaysia. Int J 
Sustain Built Environ 5(2):387–399

	130.	 Al-Saadi S, Al-Jabri K (2017) Energy-efficient envelope design for resi-
dential buildings: a case study in Oman. Smart City Symposium, Prague, 
pp 1–8

	131.	 Lim YW, Abdul Majid H, Samah AA, Ahmad MH, Ossen DR, Harun MF, 
Shahsavari F (2017) BIM and genetic algorithm optimisation for sustain-
able building envelope design. Int J Sustain Dev Plan 13(1):151–159

	132.	 Da-Silva I, Ssekulima EB (2011) Energy efficient building envelope 
designs for institutional buildings in East Africa. Proceedings of 
International Conference towards Sustainable Energy Solutions for the 
Developing World, Cape Town, pp 79–84

	133.	 Mayhoub M, Labib R (2015) Towards a solution for the inevitable use of 
glazed facades in the arid regions via a parametric design approach. In: 
Proceedings of 28th Session of the CIE (Commission Internationale de 
l’Eclairage), Manchester, pp 1567–1576

	134.	 Toutou A, Abdelrahman MM (2017) Parametric approach for multi-
objective optimization for daylighting and energy consumption in 
early-stage design of office tower in new administrative capital city of 
Egypt. Proceedings of Improving Sustainability Concept in Developing 
Countries II, Cairo

	135.	 Tuhus-Dubrow D, Krarti M (2010) Genetic-algorithm based approach 
to optimize building envelope design for residential building. Build 
Environ 45:1574–1581

	136.	 Srinivasan RS, Braham WW, Campbell DE, Curcija DC (2011) Building 
envelope optimization using energy analysis. In: Proceedings of 12th 
conference of international building performance simulation, pp 
358–365

	137.	 Kim SH, Shin KJ, Choi BE, Jo JH, Cho YH, Cho S (2014) A study on the 
variation of heating & cooling load by the various shading and per-
formance of window in office buildings. In: Proceedings of ASim2014 
conference, pp 499–506

	138.	 Yi H (2014) Energy-simulation based building retrofit. Korea Inst Ecol 
Archit Environ J 14(3):5–13

	139.	 Raji B, Tenpierik MJ, Dobbelsteen AV (2015) An assessment of energy-
saving solutions for the envelope designof high-rise buildings in 
temperate climates: a case study in the Netherlands. Energy Build 
124:210–221

	140.	 Kang S, Yong SG, Kim J, Jeon H, Cho H, Koo J (2017) Automated 
processes of estimating the heating and cooling load for building 
envelope design optimization. Build Simul 112:219–233

	141.	 Karaguzel OT, Lam KP (2012) Simulation based parametric analysis 
part-I: One Factor-at-a-Time (OAT) evaluation of enclosure measures 
for building 661. Centre for Building Performance and Diagonostics, 
Carnegia Mellon University, Pennsylvania

	142.	 Karaguzel OT, Lam KP (2012) Simulation based parametric analysis part-
II: multivariate exhaustive evaluation of enclosure measures for building 

661. Center for Building Performance and Diagnostics, Carnegie Mellon 
University, Pennsylvania

	143.	 Karaguzel OT, Zhang R, Lam KP (2014) Coupling of whole-building 
energy simulation and multi-dimensional numerical optimization 
for minimizing the life cycle costs of office buildings. Build Simul 
7(2):111–121

	144.	 McKeen P, Fung AS (2014) The effect of building aspect ratio on energy 
efficiency: a case study for multi-unit residential buildings in Canada. 
Buildings 4:336–354

	145.	 Dhaka S, Mathur J, Garg V, Jain V (2011) Effect of envelope properties 
and thermal adaptation on energy consumption and comfort condi-
tions through simulation of various ECMs. In: Proceedings of 12th con-
ference of international building performance simulation association

	146.	 Didwania S, Mathur J (2011) Optimization of window-wall ratio for dif-
ferent building types. Landsc Urban Plan 42:91–105

	147.	 Kumar A, Buddhi D, Chauhan DS (2011) Life cycle cost optimization 
of various building envelope configurations with thermal load of an 
energy efficient building situated in composite climate of India. Int J 
Altern Energy Sour Technol 2:1–21

	148.	 Dhaka S, Mathur J, Garg V (2012) Combined effect of energy efficiency 
measures and thermal adaptation on air conditioned building in warm 
climatic conditions of India. Energy Build 55:351–360

	149.	 Dhaka S, Mathur J, Garg V, Wagner A, Agarwal GD (2013) Study of 
thermal environment and energy savings considering adaptive 
thermostat control: a case study of an air-conditioned office build-
ing in composite climate of India. In: Proceedings of International 
Conference on Advances in Building Science, Chennai, pp 231–237

	150.	 Bhamare DK, Rathod MK, Banerjee J (2020) Evaluation of cooling 
potential of passive strategies using bioclimatic approach for differ-
ent Indian climatic zones. J Build Eng 31:101356

	151.	 Manu S, Wong J, Rawal R, Thomas PC, Kumar S, Deshmukh A (2011) 
An initial parametric evaluation of the impact of the energy con-
servation building code of India on commercial building sector. In: 
Proceedings of 12th international conference of the international 
building performance simulation association, Sydney, pp 1571–1578

	152.	 Favoino F, Jin Q, Overend M (2014) Towards an ideal adaptive glazed 
façade for office buildings. Energy Procedia 62:289–298

	153.	 Echenagucia TM, Capozzoli A, Cascone Y, Sassone M (2015) The early 
design stage of a building envelope: multi-objective search through 
heating, cooling and lighting energy performance analysis. Appl 
Energy 154:577–591

	154.	 Luca FD, Voll H, Thalfeldt M (2016) Horizontal or vertical? Windows’ 
layout selection for shading devices optimization. Manag Environ 
Qual 27(6):623–663

	155.	 Tommerup H, Rose J, Svendsen S (2007) Energy-efficient houses built 
according to the energy performance requirements introduced in 
Denmark in 2006. Energy Build 39:1123–1130

	156.	 Badescu V, Laaser N, Crutescu R (2010) Warm season cooling require-
ments for passive buildings in southeastern Europe (Romania). 
Energy 35:3284–3300

	157.	 Ferrante A, Cascells M (2011) Zero energy balance and zero on-site 
CO2 emission housing development in the Mediterranean climate. 
Energy Build 43:2002–2010

	158.	 Chen S, Levine MD, Li H, Yowargana P, Xie L (2012) Measured air 
tightness performance of residential buildings in North China and 
its influence on district space heating energy use. Energy Build 
51:157–164

	159.	 Georges L, Skreiberg O, Novakovic V (2014) On the proper integration 
of wood stoves in passive houses under cold climates. Energy Build 
72:87–95

	160.	 Figueiredo A, Kampf J, Vicente R (2016) Passive house optimiza-
tion for Portugal: overheating evaluation and energy performance. 
Energy Build 118:181–196

	161.	 Figueiredo A, Figueira J, Vicente R, Maio R (2016) Thermal comfort 
and energy performance: sensitivity analysis to apply the passive 
house concept to Portuguese climate. Build Environ 103:276–288

	162.	 Chen X, Yang H, Wang Y (2017) Parametric study of passive design 
strategies for high-rise residential buildings in hot and humid 
climates: miscellaneous impact factors. Renew Sustain Energy Rev 
69:442–460



Page 23 of 24Anand et al. J Infrastruct Preserv Resil             (2023) 4:3 	

	163.	 Schnieders J, Feist W, Rongen L (2015) Passive houses for different 
climate zones. Energy Build 105:71–87

	164.	 Vasaturo R, van Hooff T, Kalkman I, Blocken B, van Wesemael P (2018) 
Impact of passive climate adaptation measures and building orienta-
tion on the energy demand of a detached lightweight semi-portable 
building. Build Simul 11:1163–1177

	165.	 Baniassadi A, Sailor DJ, Krayenhoff ES, Broadbent AM, Georgescu M 
(2019) Passive survivability of buildings under changing urban climates 
across eight US cities. Environ Res Lett 14(7):074028

	166.	 Zhang X, Koke J (2019) Exploring the potential of climate-adaptive con-
tainer building design under future climates scenarios in three different 
climate zones. Sustainability 12:108

	167.	 Kosir M (2019) Climatic adaptability of buildings: bioclimatic design in 
the light of climate change. Springer, Cham ISBN 978-3-030-18455-1

	168.	 Stagrum AE, Andenaes E, Kvande T, Lohne J (2020) Climate change 
adaptation measures for buildings- a scoping review. Sustainability 
12:1721

	169.	 Elpasidou S (2020) Sudy of passive design and slab cooling in adapta-
tion to climate change of a modern residential building in Stockholm. 
Degree Project in the Built Environment, KTH Royal Institute of Technol-
ogy, Stockholm

	170.	 Cheng C (2021) Adaptation of buildings for climate change: a literature 
review. Masters Thesis, University of Gavle, Sweden

	171.	 Pajek L, Kosir M (2021) Exploring climate-change impacts on energy 
efficiency and overheating vulnerability of bioclimatic residential build-
ings under central European climate. Sustainability 13:6791

	172.	 Pajek L, Potocnik J, Kosir M (2022) The effect of a warming climate on 
the relevance of passive design measures for heating and cooling of 
European single-family detached buildings. Energy Build 261:111947

	173.	 vanGeem MG, Colker RM (2016) Energy codes and standards. Sustain-
able Buildings Industry Council and National Institute of Building 
Sciences, Washington DC

	174.	 Spataro K, Bjork M, Masteller M (2011) Comparative analysis of prescrip-
tive, performance-based and outcome-based energy code systems. 
Cascadia Green Building Council and Alaska Housing Finance Corpora-
tion, Anchorage

	175.	 Passive House Institute (2015) Passive house requirements. https://​pas-
siv.​de/​en/​02_​infor​matio​ns/​02_​passi​ve-​house-​requi​remen​ts/​02_​passi​
ve-​house-​requi​remen​ts.​htm. Accessed 21 May 2022

	176.	 PHIUS (2021) PHIUS CORE passive building standard. PHIUS, Chicago
	177.	 PHIUS (2021) PHIUS ZERO passive building standard. PHIUS, Chicago
	178.	 PHIUS (2019) PHIUS+ 2018 passive building standard certification 

guidebook. PHIUS, Chicago
	179.	 European Union (2010) Directive 2010/31/Eu of the European Parlia-

ment and of the Council of 19 may 2010 on the energy performance of 
buildings. Off J Eur Union 153:13–35

	180.	 IBEC (2014) Comprehensive assessment system for built environment 
efficiency (CASBEE): technical manual. Institute for Building Environ-
ment and Energy Conservation (IBEC), Tokyo

	181.	 NZEB (2018) Net zero energy buildings: case study of Nalanda Univer-
sity. Net Zero Energy Buildings Retrieved from: https://​nzeb.​in/​case-​
studi​es/​nalan​da-​unive​rsity/

	182.	 Building Research Establishment Limited (2021) BREEAM energy effi-
ciency technical guide. https://​www.​breeam.​com/​BREEA​MInt2​013Sc​
hemeD​ocume​nt/​conte​nt/​06_​energy/​ene_​01_​re. Accessed 21 May 
2022

	183.	 USGBC (2009) LEED rating system. https://​www.​usgbc.​org/​leed. 
Accessed 21 May 2022

	184.	 SBC (2012) Development of energy efficiency requirements for the 
Toronto green standard: final report. Sustainable Buildings Canada, 
Toronto

	185.	 RESNET (2021) Home energy rating system. https://​www.​resnet.​us/​
raters/​hers-​raters/. Accessed 21 May 2022

	186.	 BEE (2017) Energy conservation building code. Bureau of Energy Effi-
ciency, New Delhi

	187.	 Liao Z, Tam C (2021) A review of housing certification standards with a 
focus on energy efficiency. IOP Conf Ser Earth Environ Sci 787:012168

	188.	 Wimmers G, Veitch C, Silverio R, Stern R, Aravind A (2018) Research-
practice gap in passive house standard. In: Proceedings of 9th annual 
information technology, electronics and mobile communication 
conference, pp 166–175

	189.	 Talkar S, Choudhari A, Rayar P (2020) Building envelope optimization 
and cost-effective approach in HVAC to support smart manufacturing. 
In: Vasudevan et al (eds) Proceedings of international conference on 
intelligent manufacturing and automation, lecture notes in mechanical 
engineering

	190.	 Nasrollahzadeh N (2021) Comprehensive building envelope optimiza-
tion: improving energy, daylight, and thermal comfort performance of 
the dwelling unit. J Build Eng 44:103418

	191.	 Ascione F, Bianco N, De Masi RF, Mauro GM, Vanoli GP (2015) Design of 
the building envelope: a novel multi-objective approach for the opti-
mization of energy performance and thermal comfort. Sustainability 
7:10809–10836

	192.	 Sushilkumar TVK, Chandrasekar J, Moorthy SK, Sakthikala A, Bharath SRA 
(2016) Optimization of building envelope to reduce air conditioning. 
Indian J Sci Technol 9(4):1–4

	193.	 Acar U, Kaska O, Tokgoz N (2021) Multi-objective optimization of 
building components at the preliminary design stage for residential 
buildings in Turkey. J Build Eng 42:102499

	194.	 Cellura M, Longo S, Montana F, Sanseverino ER (2019) Multi-objective 
building envelope optimization through a life cycle assessment 
approach. In: IEEE International Conference on Environment and Elec-
trical Engineering and IEEE Industrial and Commercial Power Systems 
Europe, pp 1–6. https://​doi.​org/​10.​1109/​EEEIC.​2019.​87838​07

	195.	 Liu Z, Hou J, Zhang L, Dewancker BJ, Meng X, Hou C (2022) Research on 
energy-saving factors adaptability of exterior envelopes of university 
teaching-office buildings under different climates (China) based on 
orthogonal design and EnergyPlus. Heliyon 8:e10056

	196.	 Gulati N (2017) Cost effectiveness in HVAC by building envelope opti-
mization. Revista 11:14–17. https://​doi.​org/​10.​4206/​aus.​2012.​n11-​04

	197.	 Zhang T, Wang D, Liu H, Liu Y, Wu H (2020) Numerical investigation 
on building envelope optimization for low-energy buildings in low 
latitudes of China. Build Simul 13:257–269

	198.	 Aksamija A (2015) High-performance building envelopes: design 
methods for energy efficient facades. In: Proceedings of BEST4 
conference, Kansas City, archived from building research information 
knowledgebase

	199.	 Hegazy M, Yasufuku K, Abe H (2020) Multi-objective optimization 
objectives for building envelopes: a review study. In: Proceedings of 
54th international conference of the architectural science association, 
pp 775–784

	200.	 Samarasinghalage TI (2022) Multi-objective solar building envelope 
design optimization. Masters Thesis, RMIT University, Melbourne

	201.	 Gan W, Cao Y, Jiang W, Li L, Li X (2019) Energy-saving design of building 
envelope based on multiparameter optimization. Math Probl Eng 
2019:5261869

	202.	 Naili B, Haber I, Kistelegdi (2022) Performance trade-off in high-rise 
office building envelope design. Pollack Period 17(2):121–126

	203.	 Fan Y, Xia X (2015) A multi-objective optimization model for building 
envelope retrofit planning. Energy Procedia 75:1299–1304

	204.	 Albatayneh A (2021) Sensitivity analysis optimization of building enve-
lope parameters in a sub-humid Mediterranean climate zone. Energy 
Explor Exploit 39(6):2080–2102

	205.	 Mohit M, Alavy EH, Saghaf MD, Kari BM (2020) Cost-effective, energy-
efficient solutions for building envelope: a multi-objective optimization 
case study. Build Cities Perform II(4):1–4

	206.	 Ascione F, De Masi RF, de Rossi F, Ruggiero S, Vanoli GP (2016) Opti-
mization of building envelope design for NZEBs in Mediterranean 
climate: performance analysis of residential case study. Appl Energy 
183:938–957

	207.	 Doseva N, Chakyrova D (2021) Lifecycle cost optimization of residential 
buildings in Bulgaria: a case study of the building envelope. Civil Envi-
ron Eng 17(1):107–116

	208.	 Yang D, Turrin M, Sariyildiz S, Sun Y (2015) Sports building envelope 
optimization using multi-objective multi-disciplinary design optimiza-
tion techniques: case of indoor sports building project in China. IEEE 
Congr Evol Comput:2269–2278. https://​doi.​org/​10.​1109/​CEC.​2015.​
72571​65

	209.	 Monna S, Coccolo S, Kampf J, Mauree D, Scartezzini JL (2016) Energy 
demand analysis for building envelope optimization for hot climate: 
a case study at an Najah National University. In: 36th international 

https://passiv.de/en/02_informations/02_passive-house-requirements/02_passive-house-requirements.htm
https://passiv.de/en/02_informations/02_passive-house-requirements/02_passive-house-requirements.htm
https://passiv.de/en/02_informations/02_passive-house-requirements/02_passive-house-requirements.htm
https://nzeb.in/case-studies/nalanda-university/
https://nzeb.in/case-studies/nalanda-university/
https://www.breeam.com/BREEAMInt2013SchemeDocument/content/06_energy/ene_01_re
https://www.breeam.com/BREEAMInt2013SchemeDocument/content/06_energy/ene_01_re
https://www.usgbc.org/leed
https://www.resnet.us/raters/hers-raters/
https://www.resnet.us/raters/hers-raters/
https://doi.org/10.1109/EEEIC.2019.8783807
https://doi.org/10.4206/aus.2012.n11-04
https://doi.org/10.1109/CEC.2015.7257165
https://doi.org/10.1109/CEC.2015.7257165


Page 24 of 24Anand et al. J Infrastruct Preserv Resil             (2023) 4:3 

conference on passive and low energy architecture cities, buildings, 
people: towards regenerative environments, Los Angeles

	210.	 Yao S, Jiang Z, Yuan J, Wang Z, Li Y (2022) Multi-objective optimization 
of transparent building envelope of rural residences in cold climate 
zone, China. Case Stud Thermal Eng 34:102052

	211.	 Bano F, Sehgal V (2019) Finding the gaps and methodology of passive 
features of building envelope optimization and its requirement for 
office buildings in India. Thermal Sci Eng Prog 9:66–93

	212.	 Magni M, Ochs F, de Vries S, Maccarini A, Sigg F (2021) Detailed cross 
comparison of building energy simulation tools results using a refer-
ence office building as a case study. Energy Build 250:111260

	213.	 FGC (2020) Review of building energy simulation softwares. First Green 
consulting Retrieved from: https://​www.​first​green.​co/​review-​of-​build​
ing-​energy-​simul​ation-​softw​ares/

	214.	 Al Ka’bi AH (2020) Comparison of energy simulation applications used 
in green building. Ann Telecommun 75:271–290

	215.	 Elnabawi MH (2020) Building information modelling-based building 
energy modelling: investigation of interoperability and simulation 
results. Front Built Environ 6:573971

	216.	 Sousa J (2012) Energy simulation software for buildings: review and 
comparison. In: Proceedings of Central Europe Workshop (CEUR-WS), 
vol 923, p 8

	217.	 Ghayvat H, Mukhopadhyay S, Gui X, Suryadevara N (2015) WSN- and 
IOT-based smart homes and their extension to smart buildings. Sensors 
15(5):10350–10379

	218.	 Rawi MIM, Al-Anbuky A (2009) Passive house sensor networks: human 
centric thermal comfort concept. In: Proceedings of international 
conference on intelligent sensors, sensor networks and information 
processing, pp 255–260. https://​doi.​org/​10.​1109/​ISSNIP.​2009.​54167​46

	219.	 Sung WT, Sung CW, Hsiao CY (2018) Environment monitoring system 
based on architecture of IoT by wireless sensor network. In: Proceed-
ings of international symposium on computer, consumer and control, 
pp 330–333. https://​doi.​org/​10.​1109/​IS3C.​2018.​00090

	220.	 Sethi P, Sarangi SR (2017) Internet of things: architecture, protocols and 
applications. J Electr Comput Eng 2017:9324035

	221.	 Al-anbuky A (2009) Passive house sensor networks: human centric 
thermal comfort concept. In: Proceedings of international conference 
on intelligent sensors, sensor networks and information processing, 
Melbourne

	222.	 Akkaya K, Guvenc I, Aygun R, Pala N, Kadri A (2015) IoT-based occu-
pancy monitoring techniques for energy-efficient smart buildings. In: 
Proceedings of IEEE wireless communications and networking confer-
ence workshops, pp 58–63. https://​doi.​org/​10.​1109/​WCNCW.​2015.​
71225​29

	223.	 Ali J, Iqbal J, Majeed S, Mughal IA, Ahmad A, Ahmed S (2019) Wire-
less sensor network design for smart grids and internet of things for 
ambient living using cross-layer techniques. Int J Distrib Sens Netw 
15(7):1–10

	224.	 Tushar W, Wijerathne N, Li WT, Yuen C, Poor HV, Saha TK, Wood KL (2018) 
Internet of things for green building management: disruptive innova-
tions through low-cost sensor technology and artificial intelligence. 
IEEE Signal Process Mag:100–110. https://​doi.​org/​10.​1109/​MSP.​2018.​
28420​96

	225.	 Alfonso I, Garces K, Castro H, Cabot J (2021) Self-adaptive architectures 
in IoT systems: a systematic literature review. J Internet Serv Appl 12:14

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://www.firstgreen.co/review-of-building-energy-simulation-softwares/
https://www.firstgreen.co/review-of-building-energy-simulation-softwares/
https://doi.org/10.1109/ISSNIP.2009.5416746
https://doi.org/10.1109/IS3C.2018.00090
https://doi.org/10.1109/WCNCW.2015.7122529
https://doi.org/10.1109/WCNCW.2015.7122529
https://doi.org/10.1109/MSP.2018.2842096
https://doi.org/10.1109/MSP.2018.2842096

	Passive buildings: a state-of-the-art review
	Abstract 
	Introduction
	Energy efficient and environment friendly buildings
	Walls
	Roofs
	Openings (doors and windows)

	Economic feasibility of passive buildings
	Lifecycle cost estimation of passive buildings
	Supplemental measures for economic feasibility analysis
	Decisions related to economic feasibility
	Decision 1: accept or reject a design andor retrofit alternative
	Decision 2: select an optimal efficiency level for a building envelope
	Decision 3: select an optimal passive element from competing alternatives
	Decision 4: select an optimal combination of interdependent active and passive elements
	Decision 5: rank independent projects in a larger project lot so as to allocate funds from a limited budget


	Climatic adaptability of passive buildings
	Standards on passive buildings
	Contemporary research
	Summary
	Acknowledgements
	References


