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Abstract: Passivhaus (PH) has gained global recognition for its energy-efcient features despite a
5% to 10% higher construction cost than traditional houses, especially within European countries.
However, its adoption and popularity have not met the same fate in other countries like New Zealand.
The higher upfront cost has been critical to the slow adoption of the PH movement in New Zealand.
This study aimed to demystify the mist around the cost of PHs with a focus on the effects of drivers
and barriers on their life cycle costs (LCCs). As such, a systematic literature review was conducted
to provide a comprehensive understanding of the cost implications associated with PH. Using the
preferred reporting items for systematic reviews and meta-analyses (PRISMA) review method, we
examined 71 past studies on PHs from 2005 to 2023. We found that the drivers of PHs include
reduced heating demand, increased thermal comfort, and indoor air quality (IAQ). Research showed
that the rising market for PHs is fueled by climate change, environmental awareness, innovative
materials and technologies, individual commitment, improved regulations, pilot studies, research
efforts, and governmental funding and initiatives. However, PHs face signicant challenges such as
increased complexity, advanced technology, higher initial investments compared to conventional and
low-energy houses, national requirements, overheating, difculties in affording the technologies, and
a lack of options in the market. Despite the wealth of research on the economic aspects of PH, there is
a lack of in-depth studies exploring the LCC of PHs focusing on cost commitments and benets. Such
studies are essential for assessing and optimising the cost-effectiveness of PH, considering different
climates and regions, and comparing them with other low energy standards. The ndings of our
review provide a crucial focus for PH stakeholders in assessing the long-term nancial viability of
PH projects, thereby improving decision-making and facilitating effective planning for sustainable
and cost-effective housing.

Keywords: energy performance; life cycle cost; passive design technologies; Passivhaus;
Passivhaus certification

1. Introduction

The construction sector is in a pivotal position to address major global concerns, includ-
ing housing affordability, embodied and operational carbon reductions, increased indoor
air quality (IAQ) regulations, and immediate action against climate change [1]. Notably, the
building sector is receiving increased attention in global sustainable development policies,
as buildings consume 40% of all energy and account for one-third of all global greenhouse
gas emissions [2]. Moreover, they also possess the potential to reduce consumption with
effective measures and solutions [3]. In particular, residential buildings hold signicant
potential for reducing energy consumption, particularly through enhanced space heating
efciency [4]. Recognising this potential, many developed countries have responded by
establishing environmental assessment frameworks and sustainable construction codes
and regulations that consider the local climatic conditions [5].

The Passivhaus (PH) standard was initially created for the cold climates of Central
Europe and rapidly disseminated to other climate zones due to its excellent results in
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lowering the energy demand of buildings while maintaining high thermal comfort and
energy efciency [6,7]. As noted by Jayasena et al. [8], PH building elements are vital in
achieving building energy performance. Unsurprisingly, PHs have shown a steady increase
since 1990, with growing anticipation of rapid expansion in demand [9].

In NewZealand, the PH standard is implemented as a voluntary certificationmethod [10]
for low-carbon and energy-efficient buildings. Since its establishment in 2012, the PHI
database [11] lists 84 projects in New Zealand, while Passive House Institute New Zealand
(PHINZ) lists only 52 projects [12]. Of 52 projects, 43 are single-family residences, 40 belong to
the PH classic category, and 18 are in Otago, New Zealand [12]. Studies have shown that the
PH standard provides well-established remedies to the fundamental concerns confronting
New Zealand’s housing stock: poor IAQ, thermal discomfort, fuel poverty, and insufficient
insulation levels [13]. As the New Zealand government has enacted new policies to strive
for net-zero emissions by 2050 by improving thermal performance standards for both new
and existing buildings towards energy-efficient dwellings with lower petrol emissions [14],
one would think that a proven energy-efficient building standard such as PH will have
become mainstream in the New Zealand construction industry. However, the PH standard
faces resistance throughout New Zealand as it is perceived to challenge prevailing local
preconceptions about building construction and performance [10].

A key challenge is the perceived high life cycle cost (LCC) of PHs. PHs are known
to cost 16% more than conventional houses [15]. Other studies note an additional initial
cost of 5% to 10% higher than conventional houses, and the payback period is predicted
to be greater than 20 years [16–18]. In addition, concerns related to summer overheating,
draught, and high noise from mechanical ventilation and heat recovery (MVHR) systems
during the operational phase of PHs are also rising, thus limiting the cost-effectiveness
of PHs [19,20]. As such, there is a lack of demand to invest in an energy-efcient house
in terms of cost over time [16]. Understanding the various factors that inuence the cost
of PHs throughout their life cycle is essential to ascertaining their survival in the New
Zealand construction industry.

2. Background
2.1. Passivhaus Development and Requirements

The 1970s oil crisis catalysed a signicant increase in interest and innovation in devel-
oping houses prioritising energy efciency, and presently, over 70 low-energy and carbon
standards are implemented worldwide [21]. PH construction gained popularity as a proven
means of reducing buildings’ reliance on fossil fuels [8,22]. The PH standard, also known as
Passivhaus in German, is one of the most aggressive, tried-and-true voluntary approaches
available today for drastically reducing energy use while ensuring IAQ, durability, and ther-
mal comfort [23]. These houses are designed and constructed to adapt to the climate and
take advantage of natural conditions to provide a more comfortable indoor environment
while consuming less energy [24].

The PH concept was pioneered by W. Feist and Bo Adamson, leading to the con-
struction of the rst PH named “Kranichstein” in Darmstadt, Germany, in 1990 [25]. As a
rst step, the energy demand of a PH is reduced by increasing the efciency of its energy
systems [8]. Even countries with no certication replicated the most successful initiatives.
PH design principles in central Europe revolve around minimising heat losses, harnessing
passive solar energy, and implementing solar control and night ventilation during the
summer [26]. PH certication typically includes an airtightness test, but it may also take
into account the operation of technical systems and their impact on indoor climate [27].
However, there are no explicit restrictions on the building layout or component properties
imposed by the PH standard, which is performance-based [26].

Each climate zone adopts different components and techniques considering the cul-
ture, available materials, and building regulations to achieve the PH requirements cost-
effectively [22]. The elements, including wall and roof (insulation, density, and specic
heat), exterior windows (insulation and solar heat gain coefcient), building shape (shape
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coefcient and window–wall ratio), airtightness, ventilation system, and building layout
(orientation), determine the building performance of PHs [8,22]. Table 1 summarises the re-
quirements of PHs concerning energy demand, building envelopes, and systems. However,
the requirements may vary depending on the country or region.

Table 1. The summary of Passivhaus requirements across all climatic regions. Adapted from [6,11,28–30].

Energy Demand

Primary energy demand ≤120 kWh/m2/year
Space heating energy demand ≤15 kWh/m2/year
Space cooling energy demand Roughly matches the heat demand + allowance for dehumidication.

Airtightness ≤0.6 ACH at 50 Pa
Overheating frequency ~10% for temperature > 25 ◦C without active cooling

Building Envelope

Wall U-value ≤0.15 W/(m2 K)

Roof U-value ≤0.15 W/(m2 K)

Floor U-value ≤0.25 W/(m2 K)
Window U-value Triple glazing with U-value of ~0.85 W/(m2 K)

Window transmittance (g) Solar energy transmittance ~50%
Window frames Insulated frames

Window glass layers Insulated gas in between layers and low-conducting spacers
Door U-value ~0.8 W/(m2 K)
Thermal bridge Thermal bridge-free design or ~0.01 W/(m2 K)

Airtightness envelope Tested by blower-door test (DIN EN ISO 9972:2018 [31]), ~0.6 ach/h at 50 Pa.

Systems

Mechanical ventilation efciency n ≥ 75%
Air inltration rate ≥0.3 ACH

Minimum ventilation rate
per occupant 20–30 m3/person/h

Mechanical ventilation maintenance Within 6 months
Temperature air supply ≤52 ◦C

Specic fan power ≤0.45 W/(m3/h)
Air exhaust values Shower and toilet: 20 m3/h; bathroom 40 m3/h; kitchen 60 m3/h

CFL and appliance label Class A or higher
Domestic hot water demand 10–60 ◦C—maximum 25 L/person/day

Allowable heat systems Biomass combustion for biomass fuel (g ≥ 90%; 3–5 kW output), compact burner, on-site
renewable energy systems, district heating, and earth-to-air heat exchanger.

Numerous studies have assessed the PH initiatives and their post-occupant analysis,
including energy efciency, IAQ, and economic analysis [18]. These studies highlight the
superiority of PHs over their conventional counterparts, which is attributed to their reduced
energy demand and consumption, better indoor environmental quality, monitored certi-
cation process, and effective energy calculation methods. According to Jayasena et al. [8],
the construction of a PH entails addressing more features than a typical house. As such,
PHs are technically and socially feasible, providing comfort and potential cost savings
over their lifecycle despite requiring a slightly higher initial investment than conventional
buildings [18].

2.2. Cost of Passivhaus

Economic analysis of building projects considers initial investment costs, long-term
energy savings, and incentives (Shim et al., 2018) [32]. The nancial analysis of PHs
is perceived to be signicantly higher than that of conventional houses. For instance,
Audenaert et al. [33] noted that the cost of low-energy houses is 4% more than standard
houses. Thus, low-energy certications such as the PH standard are not always the pre-
ferred option regarding houses’ environmental or nancial sustainability. Other low-energy
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dwellings or those with a yearly net heating demand over 30 kWh/m2 oor are often
preferred options in some European countries, such as Belgium [34].

In addition, studies conducted in Central Europe (Germany and Austria) reveal that
a house’s energy efciency is considered an essential aspect but is not deemed vital to
users when deciding on a new house [35]. As such, concerns often arise among investor
households regarding the economic viability of building a PH and whether the additional
cost will be recouped in the long run through fuel savings [4]. The estimated values of
the building cost, operational cost, expected cost savings, and payback period predicted
ahead of time are affected by the uncertainties associated with future household energy
consumption, energy price uctuations, ination, and discount rate [4]. That said, while
it is essential to optimise passive performance by considering energy demand, cost, and
thermal comfort [22], Persson and Grönkvist [36] cautioned that investments with short
payback periods may exacerbate the energy efciency gap if cost-effective investments
with more extended payback periods are overlooked.

Life-cycle cost (LCC) analysis is useful for evaluating building design alternatives
that meet a required level of performance, and it can be applied to any capital invest-
ment decision in which lower future operating costs offset higher initial costs [25,37]. In
this study, we analysed the effects of PH drivers and barriers of PHs on its LCC as pub-
lished by past studies, shedding light on the economic considerations of this sustainable
construction approach.

3. Research Methodology

To achieve the aim of this study, we utilised a systematic literature review using
the preferred reporting items for systematic reviews and meta-analyses (PRISMA) re-
view process [38,39]. The detailed PRISMA 2020 checklist, including criteria for intro-
duction, methods, results and discussion sections [38], is attached in the Supplemen-
tary Materials. Using the search terms “passive hous*” OR “Passivhaus*” OR “passive
building*” (n = 1511), the selection of documents was obtained from the Scopus database
(www.scopus.com) accessed on 21 October 2023. Scopus was selected as the preferred
database as it has more global content than other providers [40] while maintaining a selec-
tive approach [41]. Duplicate records were removed, and this study was limited to journal
papers and conference papers to retain robust peer-reviewed references. The dataset was
further restricted to articles written in English (n = 1511). Figure 1 lists the selection criteria
for the literature review using the PRISMA review process.

After careful consideration, seventy-one (71) papers were selected for further analysis.
The selected papers were used to establish the context and analyse the content. The research
context is initially analysed by identifying trends, the most inuential authors, prominent
journals, leading countries, and themes covered. Further, this study focused on the content
of the selected papers, focusing on the following research question:

Research Question (RQ): How do cost-related drivers and barriers affect the LCC of PHs?
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Figure 1. Selection criteria for the literature review using the PRISMA review process (adapted
from [39]).

4. Analysis/Results
Context of the Selected Papers

Contextualisation of this study assisted in comprehending the background and the
achieved ndings. As such, we employed bibliometric analysis to establish the contextuali-
sation. The bibliometric analysis summarised sources of literature and authorship of cost-
related research on PHs. Table 2 below illustrates the outcomes of such a bibliometric study.

Table 2. Bibliometric analysis of the selected papers (n = 71).

Timespan 2005:2023

Authors 202

Author’s Keywords 227

Sources 43

Documents 71

Document Average Age 8.32

Authors of single-authored docs 9

Average citation per doc 28.4

Annual Growth Rate 3.93%
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As shown in the table above, 71 papers spanning 2005 to 2023 were obtained from
43 sources involving 202 authors. Research in this eld exhibits an annual growth rate
of 3.93%. Further, the analysis uncovered key themes within the studies. Hopefe, Kim,
Mlecnik, and Schnieders were identied as prominent authors, and Schnieders has consis-
tently contributed to PH research since 2005. In addition, Feist and Schnieders stand out
as the most cited authors. It is apparent from their research that Dr. Feist’s contributions
have been instrumental in emphasising the crucial role research plays in the development,
monitoring, and comprehensive documentation of PHs globally. It is also noted that the
interconnectedness of theoretical insights and practical research has signicantly impacted
the evolution and understanding of PHs worldwide.

Out of the 71 selected papers, most of the papers represent Europe (53), demonstrating
its dominance in academic research, followed by signicant contributions from Asia (10)
and North America (5), with South America (2) and Oceania (2) making smaller but signi-
cant contributions. Based on the countries, the UK emerges as the most prolic country
in Europe with 13 papers, followed by Germany (6), Belgium, Poland, and Sweden (5)
each, Italy and Romania (4), and Turkey (2). South Korea stands out in Asia, with ve
papers reecting a strong research presence along with China (3) and the UAE (2). The
USA presents four papers in North America, while Canada contributes one. South America
and Oceania each have modest contributions, with Brazil and Chile each contributing one
paper and New Zealand contributing two papers. Followed by countries, Figure 2 visually
represents the keyword cloud, highlighting signicant trends and themes within this study.

Figure 2. Keyword cloud illustrating major themes in past studies on PHs.

According to Figure 2, the prominent keywords include energy efciency, houses,
PH, energy utilisation, heating, cost–benet analysis, and energy conservation. These
keywords can be categorised into terms associated with energy, types of buildings and their
components, costs, and cost analysis. Figure 3 presents the network between the keywords
of the selected papers.

Figure 3 illustrates research collaborations based on keywords such as energy ef-
ciency, heating, houses, and energy utilisation. Cost-related keywords, including economic
analysis, costs, cost accounting, investments, and cost–benet analysis, are less concen-
trated and less connected. Based on the bibliometric ndings, the economic aspect of PHs
appears, indicating a gap that warrants further research to unveil the economic dimensions
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of PHs related to different themes. The following diagram, Figure 4, further illustrates the
basic themes under the PHs from the selected papers.

Figure 3. The network between keywords of the selected papers.

Figure 4. Thematic diagram showing the basic themes under global PH research.

The thematic diagram shows the connection between thematic clusters, their relevancy,
and maturity. The centrality reects the strength of the relationship compared to other
clusters, while the density shows the strength of a relationship within a thematic group [42].
The higher centrality shows more relevance, while the higher density shows more maturity.
Table 3 presents the authors, country, research method used, and the cost-related key
ndings of the selected papers.
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d
in
g
al
ls
er
vi
ce
s
an

d
el
ec
tr
ic

ap
pl
ia
nc

es
,h

as
re
d
uc

ed
by

m
or
e
th
an

50
%
.
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C
on

t.

C
ou

nt
ry

R
ef
er
en

ce
R
es
ea

rc
h
M

et
ho

d
C
os

t-
R
el
at
ed

K
ey

R
es
ea

rc
h
Fi
nd

in
gs

—
D
ri
ve

rs
of

PH
s

C
as
e
St
ud

y
Si
m
ul
at
io
n
M

od
el

O
th
er

Be
lg
iu
m

[5
3]

X
PH

ce
rt
i
ca
ti
on

sh
ou

ld
be

en
ha

nc
ed

w
it
h
m
an

da
to
ry

pa
ss
iv
e
co
ol
in
g
de

m
an

d,
in
te
gr
at
ed

qu
al
it
y
co
nt
ro
l,

m
an

d
at
or
y
ai
r

ow
re
p
or
ts
,r
eg

u
la
r
C
O

2
in
sp

ec
ti
on

s,
no

is
e
lim

it
s,

co
m
p
re
he

ns
iv
e
en

d
-u
se
r
ed

u
ca
ti
on

,
sa
ti
sf
ac
ti
on

re
se
ar
ch

fo
r
qu

al
it
y
as
su

ra
nc

e,
an

d
m
ar
ke

ti
ng

le
ve

ra
gi
ng

co
m
fo
rt
ap

pr
ec
ia
ti
on

.

[5
4]

X
Th

e
pa

ss
iv
e
op

ti
on

is
th
e
m
os
tc

os
t-
ef
fe
ct
iv
e
w
he

n
cl
im

at
e
ch

an
ge

ev
id
en

ce
is
de

te
ct
ed

be
fo
re

20
40

.A
ft
er

th
at

da
te
,a

st
an

da
rd

ho
us

e
w
ith

th
e
op

tio
n
of

ad
di
ng

ef
c

ie
nt

en
er
gy

pe
rf
or
m
an

ce
en

do
w
m
en

ta
tt
ri
bu

te
s

an
d
it
em

s
w
ill

ha
ve

lo
w
er

co
st
s.

Po
la
nd

[5
5]

X
N
ea
rl
y
ze
ro
-e
ne

rg
y
bu

ild
in
gs

w
it
h
ph

ot
ov

ol
ta
ic
in
st
al
la
ti
on

s
ar
e
pr
o

ta
bl
e,
w
it
h
a
re
tu
rn

on
in
ve

st
m
en

t
w
it
hi
n
th
e
m
or
tg
ag

e
pe

ri
od

.

[5
6]

X
U
si
ng

he
at

pu
m
ps

,s
ol
ar

co
lle

ct
or
s,
ra
in
w
at
er
,a

nd
gr
ey

w
at
er

ca
n
re
du

ce
en

er
gy

an
d
w
at
er

co
ns

um
pt
io
n
in

PH
s,
re
d
uc

in
g
re
lia

nc
e
on

fo
ss
il
fu
el
s
an

d
im

pr
ov

in
g
th
e
en

vi
ro
nm

en
t.

Sw
ed

en

[5
7]

X
A

Sw
ed

is
h
co
d
e-
co
m
pl
ia
nt

bu
ild

in
g’
s
lif
ec
yc

le
co
st
ca
n
be

lo
w
er
ed

by
ro
ug

hl
y
7–

12
%

by
sw

it
ch

in
g
fr
om

he
at

pu
m
ps

to
di
st
ri
ct

he
at
in
g.

[5
8]

X
Th

e
la
rg
e
he

at
ne

tw
or
k
op

tio
n
ge

ne
ra
lly

ha
s
th
e
lo
w
es
ts
ys
te
m

co
st
,w

he
re
as

th
e
in
di
vi
du

al
op

tio
n
ty
pi
ca
lly

ha
s
th
e
hi
gh

es
ts

ys
te
m

co
st
.

[3
6]

X
In
te
rv
ie
w

C
on

st
ru
ct
io
n
co
m
pa

ni
es

vi
ew

th
e
m
ar
ke

tf
or

PH
s
as

pr
om

is
in
g,

w
hi
ch

ha
s
be

co
m
e
a
dr

iv
in
g
fo
rc
e.

[5
9]

X
Fo

cu
si
ng

on
ke

y
ar
ea
s
su

ch
as

sy
st
em

d
es
ig
n,

bu
ild

in
g
d
oc
u
m
en

ts
,
co
ns

tr
u
ct
io
n
p
la
nn

in
g,

w
or
ki
ng

m
et
ho

d
s,

qu
al
it
y
co
nt
ro
l,
le
ad

er
sh

ip
,
an

d
at
ti
tu
d
es

d
is
ti
ng

u
is
he

d
p
ro
je
ct
s
th
at

su
cc
es
sf
u
lly

ac
hi
ev

ed
ec
on

om
ic
an

d
pr
od

uc
ti
vi
ty

be
ne

t
s
ov

er
tr
ad

it
io
na

lh
ou

si
ng

.

[6
0]

X
PH

s
ca
n
im

pr
ov

e
en

er
gy

ef
c

ie
nc

y
w
hi
le

m
in
im

is
in
g
ne

ga
tiv

e
im

pa
ct
s
on

he
al
th
,t
he

en
vi
ro
nm

en
t,
an

d
th
e

cl
im

at
e,
al
ig
ni
ng

w
it
h
cu

rr
en

tp
ol
it
ic
al

de
ci
si
on

s
in

Sw
ed

en
.

It
al
y

[6
1]

X
T
he

P
H

is
p
ri
ce
d
at

18
00

.0
0
E
U
R
/
sq
m
,c
or
re
sp

on
d
in
g
to

th
e
m
ar
ke

tr
at
e
fo
r
ne

w
co
ns

tr
u
ct
io
ns

in
It
al
y.

T
he

ad
d
it
io
na

le
nv

el
op

e
co
st
s
ha

ve
be

en
re
d
u
ce
d
,m

ak
in
g
th
em

af
fo
rd
ab

le
w
hi
le

re
m
ai
ni
ng

18
.8
%

le
ss

ex
pe

ns
iv
e
th
an

tr
ad

it
io
na

le
nv

el
op

e
co
ns

tr
uc

ti
on

s.

[6
2]

X
D
es
p
it
e
ch

an
ge

s,
a
P
H

w
it
h
an

ex
te
ns

iv
e
an

d
in
te
gr
at
ed

d
es
ig
n,

P
H
P
P
ca
lc
u
la
ti
on

s,
an

d
on

-s
it
e
w
or
ke

r
tr
ai
ni
ng

ac
hi
ev

ed
a
co
ns

tr
uc

ti
on

co
st

of
ap

pr
ox

im
at
el
y
3%

hi
gh

er
th
an

th
at

of
co
nv

en
ti
on

al
bu

ild
in
gs
.

[6
3]

Q
ue

st
io
nn

ai
re

PH
cl
as
si
c

at
io
ns

al
lo
w

pr
os
pe

ct
iv
e
te
na

nt
s
an

d
bu

ye
rs

to
co
m
pa

re
th
e
he

at
in
g
co
st
s
w
ith

ot
he

r
bu

ild
in
gs
.

R
om

an
ia

[2
8]

X
A

ne
ar
ly

ze
ro

en
er
gy

bu
ild

in
g
st
an

d
ar
d
ca
n
be

ac
hi
ev

ed
w
it
h
le
ss

in
su

la
ti
on

th
an

a
PH

if
co
m
bi
ne

d
w
it
h

an
ef
c

ie
nt

te
ch

ni
ca
ls
ys
te
m

an
d/

or
re
ne

w
ab

le
en

er
gy

ge
ne

ra
ti
on

.

[2
5]

X
A
n
ad

d
it
io
na

li
nv

es
tm

en
ti
n
a
ho

us
e
w
it
h
an

en
er
gy

-e
f
ci
en

tH
V
A
C
sy
st
em

ca
n
be

re
pa

id
in

16
–2

6
ye

ar
s

w
it
h
a
tr
ad

it
io
na

lg
as
-p
ow

er
ed

sy
st
em

,9
–1

6
ye

ar
s
w
it
h
an

el
ec
tr
ic
sy
st
em

,a
nd

16
–2

8
ye

ar
s
w
it
h
a
di
st
ri
ct

di
st
ri
bu

ti
on

sy
st
em

.

[3
7]

X
T
he

PH
’s
in
it
ia
li
nv

es
tm

en
ts

w
er
e
27

%
hi
gh

er
d
ue

to
su

pe
ri
or

th
er
m
al

in
su

la
ti
on

an
d
sp

ec
ia
lm

ec
ha

ni
ca
l

eq
ui
pm

en
t.
O
ve

r
50

ye
ar
s,
th
e
tr
ad

iti
on

al
ho

us
e’
s
hi
gh

er
en

er
gy

co
ns

um
pt
io
n
fo
r
he

at
in
g,

co
ol
in
g,

an
d
ho

t
w
at
er

re
su

lt
ed

in
53

%
hi
gh

er
co
st
s
th
an

th
e
PH

,g
iv
in
g
th
e
PH

a
46

%
ad

va
nt
ag

e.
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C
on

t.

C
ou

nt
ry

R
ef
er
en

ce
R
es
ea

rc
h
M

et
ho

d
C
os

t-
R
el
at
ed

K
ey

R
es
ea

rc
h
Fi
nd

in
gs

—
D
ri
ve

rs
of

PH
s

C
as
e
St
ud

y
Si
m
ul
at
io
n
M

od
el

O
th
er

Tu
rk
ey

[6
4]

X
Th

e
pa

ss
iv
e
st
ee
lh

ou
se

in
Is
ta
nb

ul
us

es
22

m
on

oc
ry
st
al
lin

e
pa

ne
ls
to

m
ee
ti
ts

en
er
gy

ne
ed

s,
ge

ne
ra
tin

g
an

es
ti
m
at
ed

18
,8
93

.5
kW

h
pe

r
ye

ar
.

[6
5]

X
P
H
s
w
it
h
ze
ro

ca
rb
on

em
is
si
on

s,
w
hi
ch

m
ax

im
is
e
su

nl
ig
ht

u
se

w
hi
le

m
in
im

is
in
g
en

er
gy

st
or
ag

e,
ar
e

ga
in
in
g
po

pu
la
ri
ty

du
e
to

co
st

an
d
en

er
gy

sa
vi
ng

s,
th
er
m
al

co
m
fo
rt
,a

nd
he

al
th
ie
r
in
do

or
s.

A
us

tr
ia

[6
6]

X
It
is
ad

vi
sa
bl
e
to

bu
ild

ne
w

bu
ild

in
gs

pe
r
PH

gu
id
el
in
es

to
pr
ev

en
tt
he

ne
ed

fo
r
co
st
ly

lif
e-
cy

cl
e
re
fu
rb
is
h-

m
en

ts
in

th
e
fu
tu
re
.

C
ro
at
ia

[1
6]

X
A
th
en

s
ha

s
la
x
bu

ild
in
g
co
de

s
re
ga

rd
in
g
en

er
gy

pe
rf
or
m
an

ce
.H

en
ce
,i
m
pr
ov

em
en

ts
in

ba
si
c
an

d
ad

va
nc

ed
en

er
gy

ef
c

ie
nc

y
ar
e
pr
o

ta
bl
e
ac
ro
ss

a
br
oa

d
sp

ec
tr
um

of
ca
pi
ta
lc
os
ts

an
d
ra
te
s
of

en
er
gy

pr
ic
e
in
a

tio
n.

M
ac
ed

on
ia

[6
7]

X
In

M
ac
ed

on
ia
,s
us

ta
in
ab

le
ad

ap
ta
ti
on

re
su

lt
s
in

a
27

%
re
d
uc

ti
on

in
en

er
gy

co
ns

um
pt
io
n
w
hi
le

in
cr
ea
si
ng

G
D
P
an

d
th
e
sh

ar
e
of

re
ne

w
ab

le
en

er
gy

so
ur
ce
s
in

to
ta
l

na
le
ne

rg
y
co
ns

um
pt
io
n
fr
om

18
%

to
45

%
by

20
40

.

N
or
w
ay

[6
8]

In
te
rv
ie
w

+
do

cu
m
en

ta
na

ly
si
s

G
ov

er
nm

en
t
re
gu

la
ti
on

s
or

co
m
m
er
ci
al

p
ow

er
ho

u
se
s
d
id

no
t
fu
el

th
e
su

cc
es
s
of

th
e
P
H

co
nc

ep
t
an

d
st
an

d
ar
d
.
In
st
ea
d
,
it
th
ri
ve

d
d
u
e
to

u
nw

av
er
in
g
fa
it
h
in

sc
ie
nt
i
c
p
ri
nc

ip
le
s,

a
st
ri
ng

en
t
ce
rt
i
ca
ti
on

p
ro
ce
ss
,s
u
cc
es
sf
u
le

xa
m
p
le
s,
es
ta
bl
is
hi
ng

a
p
ro
te
ct
ed

m
ar
ke

t
ni
ch

e,
ex
te
ns

iv
e
tr
ai
ni
ng

in
it
ia
ti
ve

s,
an

d
ef
fe
ct
iv
e
m
ar
ke

ti
ng

st
ra
te
gi
es
.

Po
rt
ug

al
[6
9]

X
Im

p
le
m
en

ti
ng

th
e
P
H

co
nc

ep
t
in

lig
ht
w
ei
gh

t
co
ns

tr
u
ct
io
n
sy
st
em

s
is

fe
as
ib
le

fo
r
P
or
tu
ga

l,
bu

t
so
m
e

ch
an

ge
s
to

co
ns

tr
uc

ti
on

so
lu
ti
on

s
ar
e
re
qu

ir
ed

to
re
d
uc

e
ov

er
he

at
in
g
ri
sk
s.

Se
rb
ia

[7
0]

X
Th

e
co
st

of
PH

s
ca
n
be

im
pr
ov

ed
by

op
tim

is
in
g
bu

ild
in
g
fe
at
ur
es
,u

si
ng

af
fo
rd
ab

le
,w

el
l-
kn

ow
n
m
at
er
ia
ls

w
it
h
an

ac
ce
pt
ab

le
en

vi
ro
nm

en
ta
lf
oo

tp
ri
nt
,t
ak

in
g
ad

va
nt
ag

e
of

ch
ea
pe

r
la
bo

ur
,a

nd
av

oi
d
in
g
ex
pe

ns
iv
e

or
hi
gh

-e
nd

so
lu
ti
on

s.

A
si
a

So
ut
h
K
or
ea

[9
]

O
nl
in
e
su

rv
ey

A
s
m
at
er
ia
lp

ri
ce
s
ha

ve
d
ec
re
as
ed

an
d
co
nt
ra
ct
or
s
ha

ve
ga

in
ed

m
or
e
fa
m
ili
ar
it
y
w
it
h
p
as
si
ve

-b
u
ild

in
g

te
ch

ni
qu

es
,c
os
ts

ha
ve

de
cr
ea
se
d
.

[3
2]

X
In

K
or
ea
,
bu

ild
in
g

P
H
s
w
it
h

en
er
gy

-s
av

in
g

m
ea
su

re
s
ad

d
s
1.
85

–4
.2
0%

to
th
e
co
st

of
bu

ild
in
g

a
co
nv

en
ti
on

al
ho

us
e.

[7
1]

Fo
cu

se
d
gr
ou

p
P
H
s
ha

ve
no

t
be

en
w
id
el
y
ad

op
te
d
in

K
or
ea
n
d
om

es
ti
c
co
ns

tr
u
ct
io
n
d
u
e
to

lo
w

en
er
gy

co
st

sa
vi
ng

s
co
m
pa

re
d
to

co
ns

tr
uc

ti
on

co
st
s,
un

lik
e
in

ot
he

r
co
un

tr
ie
s.

[7
2]

X
PH

ad
ap

ta
tio

ns
to

ty
pi
ca
lc
on

te
m
po

ra
ry

re
si
de

nt
ia
lb

ui
ld
in
gs

in
C
hi
na

an
d
K
or
ea

ar
e
po

ss
ib
le

w
ith

lo
ca
lly

av
ai
la
bl
e
m
at
er
ia
ls
an

d
a
re
as
on

ab
le

ef
fo
rt
.

C
hi
na

[7
3]

X
T
he

bu
ild

in
gs

in
C
hi
na

’s
H
ot

Su
m
m
er

an
d
C
ol
d
W
in
te
r
zo

ne
s
sh

ow
th
at

re
d
uc

in
g
in
su

la
ti
on

fr
om

0.
4
to

1.
0
W

/(
m

2 ·K
)c

an
re
du

ce
en

er
gy

co
ns

um
pt
io
n
by

4.
65

kW
·h
/(
m

2 ·a
)w

he
n
he

at
ga

in
in
cr
ea
se
s
to

20
W

/m
2 .
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C
on

t.

C
ou

nt
ry

R
ef
er
en

ce
R
es
ea

rc
h
M

et
ho

d
C
os

t-
R
el
at
ed

K
ey

R
es
ea

rc
h
Fi
nd

in
gs

—
D
ri
ve

rs
of

PH
s

C
as
e
St
ud

y
Si
m
ul
at
io
n
M

od
el

O
th
er

U
A
E

[7
4]

X
T
he

co
st

of
co
ns

tr
u
ct
io
n
m
at
er
ia
ls
d
ro
p
s
w
hi
le

th
e
co
st

of
el
ec
tr
ic
it
y
in
cr
ea
se
s,
in
cr
ea
si
ng

th
e
ec
on

om
ic

vi
ab

ili
ty

of
PH

s.

[5
]

X
Ba

se
d
on

th
e
n

di
ng

s,
a
pr
op

os
al

fo
r
Sa

ud
iA

ra
bi
a’
s
lo
w
-c
ar
bo

n
en

er
gy

co
ns

um
pt
io
n
ta
rg
et
s,
ra
ng

in
g
fr
om

77
to

98
kW

h/
m

2 ,
ha

s
be

en
m
ad

e.

N
or
th

A
m
er
ic
a

U
SA

[7
5]

D
oc
um

en
ta

na
ly
si
s

A
cc
or
d
in
g
to

th
e
en

er
gy

m
od

el
lin

g
co
nd

u
ct
ed

by
th
e
P
ac
i
c
N
or
th
w
es
t
N
at
io
na

lL
ab

(P
N
N
L
)
in

20
20

fo
r
re
si
d
en

ti
al

bu
ild

in
gs

ac
ro
ss

al
le

ig
ht

N
or
th

A
m
er
ic
an

cl
im

at
e
zo

ne
s,
fe
ne

st
ra
ti
on

p
er
fo
rm

an
ce

m
u
st

im
pr
ov

e
by

an
av

er
ag

e
of

ab
ou

t3
2%

,a
nd

ce
ili
ng

an
d
w
al
li
ns

ul
at
io
n
m
us

ti
m
pr
ov

e
by

ab
ou

t4
0%

ab
ov

e
In
te
rn
at
io
na

lE
ne

rg
y
C
on

se
rv
at
io
n
C
od

e
(I
E
C
C
)2

01
8
le
ve

ls
.

[7
6]

X
T
he

in
st
al
la
ti
on

of
th
e
PC

M
im

pr
ov

ed
th
er
m
al

co
m
fo
rt
by

re
d
uc

in
g
es
ti
m
at
ed

an
nu

al
ov

er
he

at
in
g
ho

ur
s

fr
om

40
0
to

20
0.

[7
7]

X
Ta

ilo
ri
ng

ar
ch

it
ec
tu
ra
l
an

d
m
ec
ha

ni
ca
l
d
es
ig
n
st
ra
te
gi
es

to
th
e
sp

ec
i
c
cl
im

at
e
of

ea
ch

lo
ca
ti
on

al
on

g
th
e
ro
ck

y
m
ou

nt
ai
n
fr
on

tr
an

ge
im

pr
ov

es
th
e
en

er
gy

ef

ci
en

cy
of

P
H
s.
It
em

ph
as
is
es

th
e
im

po
rt
an

ce
of

lo
ca
lis

ed
ap

pr
oa

ch
es

to
su

st
ai
na

bl
e
bu

ild
in
g
de

si
gn

.

[7
8]

X
It
is
ea
si
ly

p
os
si
bl
e
to

ac
hi
ev

e
ve

ry
lo
w

en
er
gy

u
se

bu
ild

in
gs

in
N
or
th

A
m
er
ic
a
w
it
h
an

an
nu

al
en

er
gy

co
ns

u
m
pt
io
n
ha

lf
or

le
ss

th
an

st
an

d
ar
d
ho

u
si
ng

th
ro
u
gh

ef

ci
en

cy
in
ve

st
m
en

ts
at

an
eq

u
iv
al
en

tc
os
to

f
0.
10

U
SD

/k
W

h.

So
ut
h
A
m
er
ic
a

Br
az

il
[7
9]

X
PH

re
qu

ir
em

en
ts

in
w
ar
m
er

cl
im

at
es

ca
n
be

m
et

ec
on

om
ic
al
ly

by
im

pr
ov

in
g
bu

ild
in
g
fa
br
ic
.

O
ce
an

ia

N
ew

Z
ea
la
nd

[8
0]

A
ct
io
n
re
se
ar
ch

M
od

er
n
te
ch

no
lo
gi
es

in
iti
at
e
a
hi
gh

-p
er
fo
rm

an
ce

ho
us

in
g
so
lu
tio

n
by

up
gr
ad

in
g
an

ex
is
tin

g
pr
ef
ab

ri
ca
tio

n
sy
st
em

to
PH

st
an

da
rd
s.

[8
1]

X
C
om

p
ar
ed

to
E
U

an
d

P
H

st
an

d
ar
d
s,

th
e
m
in
im

u
m

N
Z
B
C

fo
r
th
er
m
al

p
er
fo
rm

an
ce

ne
ed

s
to

be
si
gn

i
ca
nt
ly

im
pr
ov

ed
.

C
ou

nt
ry

Pa
pe

r
R
es
ea

rc
h
M

et
ho

d
C
os

t-
R
el
at
ed

K
ey

R
es
ea

rc
h
Fi
nd

in
gs

—
B
ar
ri
er
s
to

PH
s

C
as
e
St
ud

y
Si
m
ul
at
io
n
M

od
el

O
th
er

U
K

[8
2]

X
A

P
H

is
p
ri
ce
d
12

%
hi
gh

er
th
an

a
P
ar
t
L
20

10
ho

u
se

w
he

n
bo

th
ar
e
ca
lc
u
la
te
d
u
si
ng

a
3.
9%

an
nu

al
pe

rc
en

ta
ge

ra
te

m
or
tg
ag

e
ov

er
25

ye
ar
s.

[8
3]

X
Th

e
co
st

of
fa
ilu

re
of

PH
s
is
m
or
e
si
gn

i
ca
nt

du
e
to

th
e
m
ed

ia
at
te
nt
io
n.

[8
4]

X
U
si
ng

pr
ox

y
re
gi
on

al
d
at
a
fo
r
PH

PP
w
ou

ld
si
gn

i
ca
nt
ly

un
d
er
es
ti
m
at
e
th
e
sp

ec
i
c
an

nu
al

he
at

d
em

an
d

in
PH

s.



Su
st
ai
na

bi
lit
y
20

24
,1

6,
65

10
12

of
24

Ta
bl
e
3.

C
on

t.

C
ou

nt
ry

Pa
pe

r
R
es
ea

rc
h
M

et
ho

d
C
os

t-
R
el
at
ed

K
ey

R
es
ea

rc
h
Fi
nd

in
gs

—
B
ar
ri
er
s
to

PH
s

C
as
e
St
ud

y
Si
m
ul
at
io
n
M

od
el

O
th
er

G
er
m
an

y
[2
6]

X
Im

pl
em

en
ti
ng

th
e
PH

st
an

d
ar
d
in

co
un

tr
ie
s
su

ch
as

M
ex
ic
o
re
qu

ir
es

m
ak

in
g
th
e
ne

ce
ss
ar
y
te
ch

no
lo
gi
es

av
ai
la
bl
e
in

th
e
m
ar
ke

tw
hi
le

en
su

ri
ng

af
fo
rd
ab

ili
ty

fo
r
en

d
us

er
s
de

sp
it
e
in
it
ia
lc
os
tc

on
si
d
er
at
io
ns

.

[4
]

X
Th

e
PH

m
ay

no
tb

e
ec
on

om
ic
al
ly

op
ti
m
al

w
it
ho

ut
n

an
ci
al

in
ce
nt
iv
es

or
fa
vo

ur
ab

le
co
nd

it
io
ns

,s
uc

h
as

a
lo
w

di
sc
ou

nt
ra
te

an
d
hi
gh

fu
tu
re

fu
el

pr
ic
es
.

Be
lg
iu
m

[3
4]

X
Th

e
pa

ss
iv
e
st
an

d
ar
d
is
no

ta
lw

ay
s
th
e
be

st
en

vi
ro
nm

en
ta
lo

r
n

an
ci
al

su
st
ai
na

bi
lit
y
op

ti
on

.L
ow

-e
ne

rg
y

dw
el
lin

gs
or

th
os
e
w
ith

a
ye

ar
ly

ne
th

ea
tin

g
de

m
an

d
ov

er
30

kW
h/

m
2
o

or
ar
e
of
te
n
pr
ef
er
re
d
in

Be
lg
iu
m
.

[1
9]

In
te
rv
ie
w

+
do

cu
m
en

ta
na

ly
si
s

SM
E
s
fa
ce

a
ba

rr
ie
r
in

al
ig
ni
ng

th
ei
r
p
ro
d
u
ct
s
an

d
se
rv
ic
es

w
it
h
th
e
P
H

le
ve

l,
bu

t
th
is

ca
n
be

ov
er
-

co
m
e
by

sp
ec
ia
lis

ed
ag

en
ts

w
ho

cl
ar
if
y
th
e
co
nn

ec
ti
on

s
w
it
h
in
te
rm

ed
ia
te

st
ep

s
in

ar
ch

it
ec
tu
ra
l
an

d
m
od

ul
ar

in
no

va
ti
on

.

[3
3]

X
Lo

w
-e
ne

rg
y
ho

us
es

co
st
4%

m
or
e
th
an

st
an

da
rd

ho
us

es
,w

hi
le
PH

s
co
st
16

%
m
or
e.

Is
ol
at
io
n
an

d
ve

nt
ila

tio
n

ar
e
th
e
pr
im

ar
y
co
nt
ri
bu

to
rs

to
th
is
ad

di
ti
on

al
co
st
.

Po
la
nd

[8
5]

X
U
nd

er
es
tim

at
in
g
or

ov
er
es
tim

at
in
g
ex
pe

ns
es

an
d
ig
no

ri
ng

si
gn

i
ca
nt

co
st
s
lik

e
m
at
er
ia
l,
ex
ec
ut
io
n,

ce
rt
i
-

ca
ti
on

,a
nd

re
qu

ir
ed

te
st
in
g
co
st
s
ar
e
co
m
m
on

pr
ob

le
m
s
in

co
st

ca
lc
ul
at
io
ns

fo
r
PH

s.

[2
]

X
Ex

pe
ri
m
en

ta
lr
es
ea
rc
h

PH
co
ns

tr
uc

ti
on

co
st
s
sh

ou
ld

no
te

xc
ee
d
12

0%
of

a
lo
w
-e
ne

rg
y
ho

us
e
w
it
h
si
m
ila

r
us

ag
e
an

d
ge

om
et
ry
.

[8
6]

D
oc
um

en
ta

na
ly
si
s

In
a
P
H
,t
he

vi
br
o-
in
su

la
ti
ng

m
at
,a

t3
23

E
U
R
/
m

2 ,
is
id
ea
lf
or

ex
p
en

si
ve

bu
ild

in
gs
.
O
n
th
e
ot
he

r
ha

nd
,

th
e
w
oo

d
en

w
oo

l-
en

ha
nc

ed
ve

rs
io
n,

w
hi
ch

co
st
s
ab

ou
t8

1
E
U
R
/
m

2 ,
st
ri
ke

s
a
ba

la
nc

e
be

tw
ee
n
co
st
an

d
ef
fe
ct
iv
en

es
s,
m
ak

in
g
it
id
ea
lf
or

m
os
tb

ui
ld
in
gs

at
a
to
ta
lc
os
to

fa
bo

ut
54

EU
R
/m

2 .

It
al
y

[8
7]

D
oc
um

en
ta

na
ly
si
s

In
a
PH

,i
fc

os
ti
nc

re
as
es

be
yo

nd
a
ce
rt
ai
n
po

in
tw

he
n
em

bo
di
ed

en
er
gy

su
rp
as
se
s
a
ce
rt
ai
n
le
ve

l.

R
om

an
ia

[8
8]

X
O
w
ne

rs
m
u
st

d
ec
id
e
be

tw
ee
n
bu

ild
in
g
a
m
or
e
ef

ci
en

t
P
H

to
re
d
u
ce

lo
ng

-t
er
m

he
at
in
g
co
st
s
or

a
le
ss

ex
pe

ns
iv
e
PH

to
sa
ve

m
on

ey
up

fr
on

t.

Li
th
ua

ni
a

[8
9]

X
In

PH
s,
th
e
sh

ar
e
of

th
e
em

bo
di
ed

in
pu

ta
nd

ou
tp
ut

o
w
s
in

th
e
en

tir
e
lif
e
cy

cl
e
ty
pi
ca
lly

ex
ce
ed

s
on

e-
th
ir
d

of
th
e
lif
e
cy

cl
e
pr
im

ar
y
en

er
gy

.

N
et
he

rl
an

ds
[2
7]

D
oc
um

en
ta

na
ly
si
s

Th
e
ad

di
ti
on

al
co
st

of
ce
rt
i
ca
ti
on

an
d
th
e
le
ga

le
ne

rg
y
pe

rf
or
m
an

ce
ce
rt
i
ca
te

ar
e
bo

tt
le
ne

ck
s.

A
si
a

So
ut
h
K
or
ea

[9
0]

X
P
as
si
ve

co
st

in
cr
ea
se

in
th
e
50

-y
ea
r
N
P
V

an
al
ys
is

ne
ed

s
to

be
re
d
u
ce
d
fr
om

15
.5
2%

to
22

.3
8%

to
be

ec
on

om
ic
al
ly

fe
as
ib
le

gi
ve

n
th
e
di
sc
ou

nt
ra
te
.

C
hi
na

[1
7]

X
T
he

co
m
p
lic

at
ed

su
p
p
ly

ch
ai
n
of

P
H
s
cr
ea
te
s
a
co
m
p
le
x
ne

tw
or
k
of

fa
ct
or
s
in

u
en

ci
ng

th
e
co
st

an
d

ch
al
le
ng

in
g
th
e
im

pl
em

en
ta
ti
on

of
co
st

co
nt
ro
l.

[2
2]

X
PH

s
ty
pi
ca
lly

co
st

5–
15

%
m
or
e
to

bu
ild

th
an

co
nv

en
ti
on

al
ho

us
es

of
th
e
sa
m
e
si
ze

an
d
de

si
gn

.

N
or
th

A
m
er
ic
a

C
hi
le

[9
1]

X
Im

p
le
m
en

ti
ng

th
e
P
H

st
an

d
ar
d
in

C
hi
le
an

cl
im

at
es

m
ay

be
m
or
e
ex
p
en

si
ve

th
an

in
ot
he

r
co
u
nt
ri
es
,

ye
tf
ea
si
bl
e.



Sustainability 2024, 16, 6510 13 of 24

5. Discussion

This section discusses the cost-related drivers and barriers of a PH, comprehensively
focusing on the different aspects of PH. Initially, it examines cost-related drivers and barriers
associated with fullling PH requirements, including heating and cooling systems, MVHR,
insulation, thermal bridges, airtightness, and highly efcient windows. Further, it focuses
on the energy-efcient systems, materials, and techniques available in the market and the
cost implications. Finally, it discusses the roles of occupants, professionals, government,
nancial institutions, and research institutions in economic contributions and barriers of
PHs. Figure 5 visually represents the cost-related drivers and barriers to PH adoption using
the SankeyMATIC diagram. It maps the drivers and barriers, showing the ow of different
factors, and provides a clear view of the nancial considerations.

Figure 5. SankeyMATIC diagram of cost-related drivers and barriers to PH adoption. ↑—Increase;
↓—Decrease.

5.1. Drivers of Passivhaus

The continued adoption of the PH movement can be attributed to various drivers
within the construction industry. These drivers are discussed in the section below.
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5.1.1. Improved Building Elements

PHs were reported to be able to afford better building elements in houses where they
are implemented. For instance, PHs adopt appropriate orientation, ventilation, and shading
to obtain the required heat and natural light to minimise the articial heating, cooling, and
lighting costs without additional costs [65]. The heat from the sun, occupants, and interior
equipment is adequate to maintain a suitable interior temperature for signicant portions
of the year [36]. Similarly, opening windows alone for ventilation in PHs reduces energy
consumption by approximately 560 kWh [74] and minimises the reliance on mechanical
ventilation and associated costs [50].

In addition, a PH adopts PHPP software to predict the energy demand at the early
design stage. It analyses the energy loads properly, determines the systems, and avoids
oversizing [24]. As such, the energy demand of a PH is lower than the national requirements
of the countries [60]. The annual space heating energy of a PH is 75% to 95% lower than the
conventional buildings with similar geometry [18,22,82], while the annual cooling demand
in the UAE was reduced by 48% [74]. The reduced energy demand of a PH is achieved by
improving the building components and adopting efcient technologies with a 5–10% cost
increase [6,18].

Similarly, the specic climatic conditions of the regions can be effectively utilised to
achieve the PH requirement at a lower cost. The climatic conditions of Brazil require less
effort to improve building fabric with lower insulation levels than in colder climates [79].
Similarly, Schiano-Phan et al. [50] noted that mechanical ventilation with heat recovery
(MVHR) may not be required in the UK context; instead, the PH requirements can be
achieved by adapting passive design strategies such as thermal buffering, insulation, and
controlled natural ventilation. A PH does not necessarily require the triple-glazed window
to achieve the PH requirements [73]. Schnieders et al. [26] noted that the project in Taiwan
adopted a double glass window with a U-value between 1.2 and 1.5 W/(m2 K) to achieve
the PH requirements cost-effectively.

The insulation thickness of the walls, slab and roof, ventilation systems, heat recovery
systems, and triple-glazed windows signicantly inuence the economic disparities due
to varying values and serve as primary parameters in the initial investment cost [22,82].
Likewise, PHs consider penetrations on the building façade that permit heat losses through
geometrical analysis to identify and prevent excessive losses at the thermal bridges cost-
effectively at the early design stages. As a result, the subsequent improved building
performance would facilitate the opportunity to either simplify or eliminate building
systems [6] that are not required to achieve the expected energy efciency and indoor
environmental quality.

Energy recovery ventilation systems are usually more expensive to install than other
ventilation systems, require more maintenance, and consume more electricity [48]. How-
ever, the capital cost of MVHRwas 3% of the total building cost, which can be redeployed to
increase insulation by 23%, improve ventilation control, or use non-polluting materials [20].
With the improved building elements, the reduced energy demand of PHs can be easily
supplied through renewable energy sources, which are more cost-effective options [6].
Renewable energy sources are becoming more affordable due to increased performance
and decreased prices, making them a crucial focus for the industrialised world to combat
climate change risks and resource scarcity [6]. The solar thermal systems full 40 and 60%
of the total low-temperature heat demand of PHs and are cost-effective [18].

5.1.2. Improved Indoor Air Quality

The owners and potential tenants seek additional benets beyond the low energy
consumption to move into PHs [18]. The expected benets primarily include the reputation
for living in an energy-efcient house, comfort, wellness, and environmental friendliness.
The PH has extended beyond its initial niche market perspective of being ultra-green,
thereby gaining an added advantage. The thermal comfort of the PH is approximately 40%
higher than the conventional house [22], while CO2 emissions are reduced by 39% [91].
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PHs, by denition, prioritise IAQ to minimise energy consumption without compro-
mising thermal comfort and IAQ [6]. A careful balance of temperature, relative humidity,
ventilation, and indoor air pollutants is necessary to maintain a good IAQ [20,92]. Prior
studies on post-occupancy evaluation ensured that most PH occupants expressed higher
satisfaction with IAQ [49], energy consumption [93,94], ease of ventilation control, and
excellent thermal comfort level [18]. Further, PHs exhibit greater air-change rates than
those mandated by minimum building codes, leading to positive effects on the health and
comfort of occupants [95,96].

5.1.3. Improved Market Conditions

Attaining PH certication is seen as a market recognition in many countries, with the
primary goal being the promotion of better energy efciency requirements than those that
are subject to regulation [27]. Third-party certication and testing have been acknowledged
by several architects, clients, insurers, manufacturers, regulators, and speciers as a valid
means of proving compliance with standards and other requirements [27]. Further, inter-
nal and client initiatives, as well as nancial incentives, promote market expansion and
encourage building businesses to develop PHs [27,36]. Most companies consider PHs to
gain a competitive advantage and be recognised as a market leader [27].

Encouraging the energy efciency of buildings in the private sector requires address-
ing affordability [9]. Costs of PHs have decreased due to dropped material prices and
contractors’ familiarity with passive building technologies [9]. Professionals are expected
to continuously explore and utilise more reasonably priced building materials to foster
broader adoption of PHs in the market [9]. Schnieders and Hermelink [18] noted that triple-
glazed PH windows may cost about 10% more than double-glazed windows, even when
mass-produced. Advanced building elements, including highly efcient windows, can
be imported initially and subsequently manufactured locally, ensuring viability and cost-
effectiveness [52]. Brew [23] noted that local manufacturers still have a market for highly
efcient components despite the increasing availability of European products through
distributors. Further, the locally available materials and resources allow for cost reduction
and community-based benets [8].

5.1.4. Improved National Regulations

Controlling energy usage for the household sector is crucial for decision-makers.
The recent shift in design culture and legislative concern for reduced energy usage has
led to many existing and emerging low-energy and zero-carbon standards like the PH
standard [50]. Currently, most countries have national policies and regulations to reduce
building energy consumption [36]. Governments design complex support systems to pro-
mote energy efciency in new and existing structures [33]. Schmitt et al. [63] acknowledged
that the strong dedication of the government and non-government organisations, along
with environmental awareness, had contributed to the successful early implementation of
building energy efciency certications.

Countries have initiated state- and national-level initiatives to improve energy-efcient
houses. Germany, Austria, Switzerland, Belgium, France, and Luxembourg started energy
efciency initiatives two decades ago and have provided a framework for related grants
and tax reductions [27]. France has adapted industry-initiated objective-setting to set
goals for environmentally friendly building practices [27]. On the other hand, a state
in Austria has mandated using PH standards for new construction by public housing
associations. Another state is committed to constructing municipal buildings according to
the PH standard [27]. In addition, Persson and Grönkvist [36] noted that European Union
building regulations are showing consistent improvement as a promising regulatory driver.

The national legislation on income tax relief in Belgium has ofcially recognised the
denition of PHs [27]. The consistent use of this denition in legal documents prompted an
increase in the number of people pursuing PH certicates [53]. Further, general action plans
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for implementing PHs in the building market have been developed to reduce building
energy at the national level [9].

5.1.5. Available Financial Incentives

In most countries, incentive policies encourage investor participation in implement-
ing PHs [32]. Through incentives, technology sharing, and local market expansion, the
government’s centralised power and its top–down approach to sustainable development
are dispersed with the private sector across a range of elds and industries [9]. Gov-
ernment incentives encourage the development of energy-efcient buildings on a wide
scale, making PHs more appealing [33]. The private sector benets immensely from these
endeavours as they lower capital costs and make PHs more affordable in development and
construction [9].

Special grants for PHs have been noted in Belgium and Austria; the value of the grants
varies based on the regions and cities [27]. China has a xed tariff structure covering
a signicant portion of occupants’ heating costs by the government or employers [44].
Further, subsidies for energy-saving houses are contemplated depending on integrating
high-efciency elements [27,33]. The Korean government offers tax credits and other
structural and nancial incentives, such as bonuses for height and density, to buildings
that meet specic certication levels (Platinum or Gold) [9]. Financial incentives, such as
a 15% reduction in acquisition tax and a 3% reduction in property tax, are offered when
Grade 1 of the building energy efciency criteria is met in Korea [32]. In addition, banks
play a crucial role in the market development for PHs. In Germany, the state bank played a
signicant role by providing a benecial loan for low-energy and PH construction [53].

5.1.6. Continuous Research Outputs

Detailed research on PHs is one of the key drivers of disseminating PHs in different
climate regions. Information is the foundation of a knowledge society, and the adoption of
energy-efcient technology depends on the availability of unbiased, independent informa-
tion regarding its advantages [53]. Pilot projects and survey-based studies were conducted
to ensure PHs function as claimed and provide a healthy interior environment [20]. The
effectiveness of PH building performance is usually scientically assessed using energy
demand and usage, IAQ, thermal comfort, and occupant satisfaction. Hence, end-user
feedback and experiences are collected to inform improved design and support desired
building operations [9]. For example, comprehensive studies of the PH standard were con-
ducted as part of the Passive-On program conducted in Central and Southern Europe and
Cost Efcient Passive Houses As European Standards (CEPHEUS) conducted in countries
including Germany, Sweden, France, Austria, and Switzerland to extend the applicability
of the standard to a broader range of regions, particularly those with warmer climates [20].
The dissemination of research ndings assisted policymakers, decision-makers, and civil
society in developing suitable strategies for creating resilient and sustainable cities.

5.1.7. Educational Awareness

Early education enabled opportunities to avoid costly mistakes during any project’s
development stage [33]. Persson and Grönkvist [36] noted that companies often collaborate
with institutes of technology to educate their employees on PH principles and applications.
The participants of these courses gain the capacity to set themselves apart from the competi-
tion and achieve a competitive edge in building energy efciency. These include architects,
building designers, construction rms, and subcontractors of specic building technolo-
gies. Another point is the importance of education for all parties engaged in the project,
including purchasers, managers, estate agents, and others. The benet of such education
is the networking opportunities it creates for suppliers and manufacturers [57] and the
facilitation of an efcient demand and supply of PH building materials and technologies.
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5.2. Barriers to Passivhaus

The PH movement has also experienced setbacks due to various barriers within the
industry. These barriers are discussed in the section below as reported in past works.

5.2.1. Increased Costs and Complications

Increased costs and complications are considered the most signicant barrier to adopt-
ing PHs. Maximising the building performance of PHs using key design parameters of
building elements requires exceptional focus and increased initial capital costs compared
to a conventional house [57,82]. The primary energy consumption and climatic impact
of buildings are signicantly inuenced by their energy efciency level, the temperature
setback practices, the choice of heat supply system, and the LCC of heating solutions [57].
Apart from the explicit expenses associated with the heating solution choices, heating solu-
tions for a new building may also impact the construction costs through other mechanisms,
such as building envelope design and ventilation solutions [57].

Feist et al. [6] noted that, even with optimisation, the PH will incur additional
costs. Most CEPHEUS sub-projects could not reduce overall building service costs; in
several projects, planners and builders were unwilling to discontinue the heat distribution
system [18]. The ventilation systems in PHs used for heating require signicant techno-
logical interfaces, extra ducts, and auxiliary fans [65]. Furthermore, the MVHR requires
annual lter replacements and is subject to signicant repair costs if it malfunctions. In a
case study building, an MVHR microchip failed outside the warranty period, costing 14%
of the installation cost [20].

The extended living comfort offered by a PH is achieved using only 15 to 20% of the
space heating demand of conventional new buildings and 10% additional cost of the overall
construction costs [18]. Prices vary signicantly across manufacturers and installations [97].
The upfront expenses are often counterbalanced by lower lifetime costs and contribute to
improved physical and mental well-being for occupants [98,99]. Maintenance and repair
costs are frequently more difcult to estimate than other building expenses [100]. The cost
of renewable energy is expected to be affordable [6]. However, integrating designs incorpo-
rating wind power generation concepts may escalate costs due to the initial investment and
increased maintenance and operational expenses associated with higher technology [8].
Similarly, due to the high cost, several projects avoid renewable energy sources, including
photovoltaics or solar collectors [2,26]. On the other hand, maintaining the PH standard is
difcult when using a power source with a high index of non-renewable primary energy
expenditure and erratic annual sunshine levels [56].

5.2.2. Poor Indoor Air Quality

The IAQ is considered one of themajor drivers in PH.However, Persson andGrönkvist [36]
identified concerns about attainable indoor comfort in a PH. Schnieders and Hermelink [18]
noted that higher air change rates would lead to excessively dry indoor air. Sassi [20] observed
that humidity in the environment enables the growth of fungi, moulds, and dust mites and
increases the risk of poor IAQ in the PHs. Also, higher temperatures in the heat recovery unit
might lead to dust carbonisation in the supply air and ducts, resulting in smouldered dust
particles and an undesired smell [18]. Furthermore, PH occupants are more likely to experience
cold floors in winter and overheating in the summer [43,101]. These deter potential customers
from adopting the PH standards.

5.2.3. Behavioural Barriers

Behavioural barriers reflect the behaviour of end users and their relationshipwith energy
consumption [36]. The PH and its maintenance are vulnerable to occupant behaviour [2].
Most occupants are unfamiliar with the technologies and controls commonly used in PHs [27].
As a result, the desire to work with unknown technology and readiness to modify habits may
be reduced [18]. Further, Onyeizu [102] noted that the occupants in mechanically ventilated
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buildings expressed a lower tolerance for temperature fluctuations and an increased need for
air conditioning, leading to higher costs.

The critical nature of building systems and lack of awareness of occupants lead to
increased complexity. Mlecnik [19] identied ventilation and heating systems as critical
points of attention due to their limited user friendliness and perceived comfort issues,
such as dry air in winter and excessive noise. On the other hand, poorly chosen heat
pump/ventilation units cause lowered IAQ, increased noise and heat production, and
excessive energy consumption [19]. In an attempt to resolve the issue, occupants have
frequently disabled the system, negatively impacting energy efciency and discomfort.

Mlecnik [53] noted that rst-time occupants do not always express the need for specic
benecial information related to the maintenance of systems and PHs. Also, occupants
consider regular maintenance an issue [71]. Thus, educating the occupants about the
required systems, equipment, and maintenance information is vital. Pitts [45] pointed out
that with this awareness, occupants are more environmentally conscious, aware of their
energy consumption, and motivated to practice more sustainable behaviour.

5.2.4. Market Barriers

Market barriers act as signicant barriers to accessing the PHs. For instance,
Schnieders et al. [26] cautioned that rather than the question of PH application, the is-
sue is whether these technologies will be widely available in the market and whether end
users can afford the additional upfront costs associated with such products. Also, the lack
of transparency is considered one of the major market barriers to adopting PHs, as both
professionals and users are unaware of the costs associated with low-energy buildings, or
PHs [32].

It can be said that the generally perceived high construction costs of PHs are based on
consumers’ prior knowledge [9]. Lee et al. [9] found that 86% of the public estimated the PH
cost to be 20–50% higher than that of a conventional house, with the majority predicting a
cost greater than 50%, while professionals estimated a 20–50% higher cost. For construction
companies, the adoption costs are preceded by a knowledge buildup through information
gathering, learning, and establishing contacts with suppliers [36]. As such, there is a need
to demonstrate to building businesses and prospective clients that a PH is feasible and does
exist [36]. Therefore, education is critical for changing people’s attitudes towards PHs [9].

5.2.5. Regulatory Barriers

The construction sector faces signicant challenges in meeting stringent house energy
performance regulations [32]. Minor details in legislation in most countries can impede
development efforts. For example, Schnieders and Hermelink [18] noted that the overall
cost of PHs rises if district heat is required in some regions. Exceptions to such rules for
highly efcient buildings should be permitted to have an effective PH.

5.2.6. Financial Barriers

People make less rational investments when faced with high up-front costs and be-
havioural biases, such as using excessively high discount rates in their personal capital
budgeting plans [36]. As a result, short-term investments can expand the energy efciency
gap if cost-effective investments with extended payback periods are overlooked. Con-
struction companies in Sweden expressed concerns about banks having short perspectives
and insufcient knowledge of their lending activities. Although life cycle thinking and
environmental policies are gaining popularity among contractors, banks do not consider
this information in capital budgeting plans [36].

Despite the energy-saving benets of developing a PH, high investment prices, confus-
ing investment cost information, and restricted incentive programmes discourage investor
involvement in PH projects [32]. For instance, investors rely on reduced heating energy
costs to obtain nancial benets as there are no efcient emissions trading programs to
reward energy-conscious households [4]. Cost estimates and the architectural ambitions
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of clients and designers signicantly impact how a project team supports low-carbon
goals [15].

6. Conclusions

The PH standard is one of the most aggressive and tried-and-true voluntary measures
for signicantly decreasing energy usage while assuring IAQ, durability, and thermal
comfort. This study employed a systematic literature review, and 71 papers were chosen
for the nal study. The bibliometric analysis revealed that the existing body of research
focused on the economic aspects of PHs, particularly their energy performance. However,
a noticeable gap is perceived considering the broader spectrum of LCC analysis.

The PH standard remains stringent and demonstrates a reduced energy demand
compared to alternative standards and national policies. It is attributed to the meticulous
consideration of microclimatic elements, resulting in an enhanced ability to address the
requirements for space heating, cooling, and hot water generation. Studies have consistently
indicated higher occupant satisfaction with indoor environmental quality and energy
consumption. However, in recent years, the complaints against summer overheating have
also raised concerns.

Anticipated advancements in the PH market point towards a further decrease in
prices. This trend is expected to be fueled by several factors, including the improved
availability of innovative solutions, increased awareness and preference among the public,
a rising number of PH institutes, and a growing community of professionals dedicated to
learning and working in PHs. Further, enhanced national regulations on energy contribute
to narrowing the gap between the requirements of conventional houses and PHs. The
increasing prevalence of PHs, coupled with a growing body of research and improvements
in national energy policies, strongly suggests that PHs will become inevitable and preferred
in the future.

On the other hand, there is a need to advocate for the renement of government
regulations on energy efciency and promote the integration of PHs, or energy-efcient
systems, in public projects. Strengthening the market involves fostering collaborations with
manufacturers and implementing targeted incentives, tax reductions, and subsidies tailored
specically for PHs. This study highlights that addressing challenges associated with PHs
can be achieved through effective measures, ultimately reducing LCC and enhancing
PH dissemination.

In summary, this study emphasises the imperative of a holistic approach, encompass-
ing regulatory renement, market interventions, and collaborative endeavours with local
entities. This paper is limited to the data obtained through Scopus databases and focused
on journal articles and conference papers in the English language that were available online
till October 2023. Further, even though the selected papers were frequently mentioned
and emphasised LCC, the detailed information was unavailable due to the limitations
of the papers. Therefore, it is recommended that a comprehensive and detailed analysis
of the LCC of PHs be included in future research to address this gap. In addition, inte-
grating knowledge and lessons from this study provides a foundational framework for
advancing the discourse and implementation of PH solutions, specically focusing on
addressing the distinctive considerations pertinent to New Zealand. In the next phase
of this study, a close examination will be undertaken to identify specic strategies for
enhancing the performance of PHs in New Zealand. The ndings from this research can
be valuable for individuals and organisations involved in decisions about sustainable and
cost-effective housing.
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