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Abstract: Since the introduction of the recast of the EPBD European Directive 2010/31/EU,
many studies on the cost-effective feasibility of nearly zero-energy buildings (NZEBs) were carried
out either by academic research bodies and by national bodies. In particular, the introduction of the
cost-optimal methodology has given a strong impulse to research in this field. This paper presents
a comprehensive and significant review on scientific works based on the application of cost-optimal
analysis applications in Europe since the EPBD recast entered into force, pointing out the differences
in the analyzed studies and comparing their outcomes before the new recast of EPBD enters into
force in 2018. The analysis is conducted with special regard to the methods used for the energy
performance assessment, the global cost calculation, and for the selection of the energy efficiency
measures leading to design optimization. A critical discussion about the assumptions on which the
studies are based and the resulting gaps between the resulting cost-optimal performance and the zero
energy target is provided together with a summary of the resulting cost-optimal set of technologies
to be used for cost-optimal NZEB design in different contexts. It is shown that the cost-optimal
approach results as an effective method for delineating the future of NZEB design throughout Europe
while emerging criticalities and open research issues are presented.
Keywords: cost-optimal analysis; nearly zero-energy buildings; dynamic simulation; simulation-based
optimization; net present value; life cycle cost; financial parameters; building typologies; energy
efficiency measures; second EPBD recast 2018

1. Introduction
Given the importance of the building sector in European final energy consumptions and CO2
emissions (buildings account for 40% of the final energy demand [1] and 36% of CO2 emissions [2]),
reaching high energy performance has become a key target for the European Community within
its roadmap towards a sustainable future. The adoption of cost-optimal energy efficiency measures
is demanded by the EPBD recast (Energy Performance of Buildings Directive 2010/31/EU [1]) in
order to meet the NZEB objective for all new buildings by 2020. Even though reaching very high
energy performance in buildings has become technically feasible and many examples of successful
NZEB building design are known throughout Europe, such buildings are not cost efficient yet and
this constitutes the main barrier to their massive implementation. To this regard, the principle of
cost-optimality has been introduced to move national minimum energy performance requirements
towards the achievement of economically feasible NZEB targets.
Article 1 of the regulation accompanying EPBD [3] stipulates that the cost-optimal methodology
specifies rules for comparing the achievable energy performance and the cost and savings related to
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different energy efficiency measures for different building typologies, therefore directly connecting
energy performance requirements to financial targets. Before the EU cost-optimality approach, most of
studies were primarily aimed at accomplishing energy savings targets, including economic evaluations
only on a second account. In particular, some studies focused on the assessment of investment
costs [4,5] or on the total net present value [6] in the building life [7] but, differently from what indicated
in the EPBD Guidelines [8], the operating, replacement and disposal costs were not considered in
the calculation.
Since its introduction within the EPBD recast, several applications of the defined cost-optimal
analysis (COA) were carried out either by academic research bodies [9–19] and by EU and national
bodies [20–23]. Beyond regulatory applications, the introduction of the cost-optimal approach gave
rise to a growing scientific research interest in this topic. COA has been implemented as a tool for
studying the energy performance of NZEBs and the impact of one or a set of building technologies on
the NZEB design [24,25]. COA has been used to investigate the trade-off between the environmental
and economic objectives in defining strategies and policies for the building construction field [26]
and, further, COA has become a common framework for improving research on building design
optimization methodologies [16,27] and investigating the mutual relationship between the involved
design variables [28]. Of course, the many research studies applying COA have enlarged the set of
reference buildings and energy efficiency measures that were analyzed in different climate ad market
contexts throughout Europe.
Given the large diffusion throughout the European research groups and the recognized success of
such approach not only in European context, the authors believe that it is important to review what
has been done so far, what are the results achieved and the open issues after seven years of application
of COA and before the publication of the new revised European Directive on Energy Performance of
Buildings in 2018.
The research advancements provided by these studies can be compared in terms of objective of
the studies, methods, and tools used, and results on multiple levels, in order to delineate common
trends and related guidelines concerning NZEB design methodologies and cost-effective technologies,
which will constitute the baseline for future research on the implementation of the new smart
technologies that will be promoted by the second recast of EPBD.
Such a review work also aims at identifying the existing criticalities and gaps in this research field
to advance in research activities towards a shared vision for bridging the gap between the zero-energy
goal and its economic affordability.
2. Cost-Optimal Analysis
2.1. The Defined Multi-Step Approach
This section presents the main highlights of the methodology for COA implementation as defined
by EPBD recast, which came into force in June 2010. This represents the EU normative reference
with regard to the design of energy efficient buildings and their performance assessment. Specifically,
the EPBD recast states that each Member State (MS) “must ensure that minimum energy performance
requirements are set with a view of achieving at least cost-optimal levels” and should also provide
plans to promote “the cost-effective transformation of existing buildings into NZEB”. Given that there
is not a quantitative definition for NZEB, as the different MS have to define what is the performance
level of a nearly zero-energy buildings, COA has been established to encourage MS to set their energy
performance requirements to the resulting cost-optimal level and to implement policies that are able to
move such cost-optimal level (that should lead to a “nearly” zero energy demand) towards the net
zero energy performance. The European Commission has to be notified with regular reports on the
results of these calculations and the related policy plans, in order to assess the national MS progress
towards cost-optimal and NZEB levels achievements.

Energies 2018, 11, 1478

3 of 32

The term “cost-optimal level” points out “the energy performance level, which leads to the lowest
global cost during the estimated economic lifecycle” [1]. The main steps of the COA methodology are
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Figure 1. The multi-step methodology for COA applications.
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Table 1 provides a list of the main assumptions that characterize each perspective.
Table 1. Assumptions for private and societal perspectives. Adapted from [22].

Parameter
Interest rate
Subsidies and incentives
Taxes
Cost of emissions

Financial Perspective
Real interest rate
Included
Included
Excluded

Macroeconomic Perspective
Societal interest rate
Excluded
Excluded
Included

Energies 2018, 11, 1478

4 of 32

Table 1 provides a list of the main assumptions that characterize each perspective.
Table 1. Assumptions for private and societal perspectives. Adapted from [22].
Parameter
Interest rate
Subsidies and incentives
Energies 2018, 11, x FORTaxes
PEER REVIEW
Cost of emissions

Financial Perspective

Macroeconomic Perspective

Real interest rate
Included
Included
Excluded

Societal interest rate
Excluded
Excluded
Included

4 of 32

When calculating the global cost according to the financial perspective, all taxes (VAT),
subsidies,
the interest
rate (as
totoinflation)
has perspective,
to be included
for considering
the prices
When and
calculating
the global
costadjusted
according
the financial
all taxes
(VAT), subsidies,
as
paid
by
private
customers
and
reflecting
the
real
financial
situation.
In
general,
subsidies
and the interest rate (as adjusted to inflation) has to be included for considering the prices as paid by and
incentives
are usually
referred tothe
thereal
perspective
of individual
building
ownersand
andincentives
private investors.
private
customers
and reflecting
financial situation.
In general,
subsidies
are
When
considering
the
macroeconomic
perspective,
an
environmental
parameter
is
introduced.
usually referred to the perspective of individual building owners and private investors.
In fact,
macroeconomic
calculations
exclude
taxes (e.g.,
and subsidies
and include
the cost of
When
considering the
macroeconomic
perspective,
anVAT)
environmental
parameter
is introduced.
greenhouse
gas emissions
(GHG), exclude
defined taxes
as “the
monetary
of the
related
environmental
In
fact, macroeconomic
calculations
(e.g.,
VAT) andvalue
subsidies
and
include
the cost
of
greenhouse
damage”
[8]. gas emissions (GHG), defined as “the monetary value of the related environmental
damage”
[8]. differences between the two perspectives, unlikely difficult to be assessed, can be noted
Further
differences
between
the two
perspectives,
unlikely the
difficult
to beofassessed,
can be
notedwhen
in theFurther
economic
calculation
for each
perspective:
for instance,
increase
the building
value,
in
the economic
calculation
for each
perspective:
thethe
increase
ofof
the
building
value,
energy
renovation
projects are
carried
out, or on for
the instance,
other hand
impact
energy
retrofit
on the
when
energy
renovation
projects
are
carried
out,
or
on
the
other
hand
the
impact
of
energy
retrofit
on
work sector, with the creation of new jobs.
the work
sector,
the creation
of new
jobs.
Finally,
thewith
procedure
results
in a cost-optimal
graph where the building primary energy use is
Finally,
the
procedure
results
in
a
cost-optimal
where
energy use is
on the horizontal axis and the global cost is on thegraph
vertical
axis,the
asbuilding
in Figureprimary
2.
on the horizontal axis and the global cost is on the vertical axis, as in Figure 2.

Figure2.2.Economic
Economicoptimum
optimum
and
cost
curve
of different
packages
adapted
Figure
and
cost
curve
of different
packages
adapted
fromfrom
[22]. [22].

Depending on the variety of packages considered, it is usually unlikely to form an exact curve,
Depending on the variety of packages considered, it is usually unlikely to form an exact curve,
but rather a “cloud” of points, each corresponding to a different package of EEMs, that is a different
but rather a “cloud” of points, each corresponding to a different package of EEMs, that is a different
building design alternative. The cost-optimum is the lowest point on this graph and the cost-optimal
building design alternative. The cost-optimum is the lowest point on this graph and the cost-optimal
energy performance
performanceisisthe
theone
onecorresponding
corresponding
that
point.
should
implement
policies
that are
energy
to to
that
point.
MSMS
should
implement
policies
that are
able
to
move
that
point
to
the
left.
able to move that point to the left.
Figure33depicts,
depicts,
within
cost-optimal
curve,
the gaps,
both
at financial
and energy
level,
Figure
within
thethe
cost-optimal
curve,
the gaps,
both at
financial
and energy
level, from
thefrom
the
cost-optimal
level,
the
actual
minimum
law
requirement,
and
the
future
NZEB
cost-optimal level, the actual minimum law requirement, and the future NZEB target, respectively. target,
respectively.

building design alternative. The cost-optimum is the lowest point on this graph and the cost-optimal
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Energies
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2.3. First Experiences in COA Applications: References and Highlights
As already mentioned, since the EPBD recast came into force, various studies on the cost-optimal
analysis methodology have been published, including national reports. The COA studies carried out
at European level by National bodies for pushing COA application by the different stakeholders
involved in the building design, construction, and management processes are hereby presented.
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2.3. First Experiences in COA Applications: References and Highlights
As already mentioned, since the EPBD recast came into force, various studies on the cost-optimal
analysis methodology have been published, including national reports. The COA studies carried out at
European level by National bodies for pushing COA application by the different stakeholders involved
in the building design, construction, and management processes are hereby presented.
In particular, BPIE carried out two exemplar studies on the COA.
The first one, published following the EPBD recast in 2010, presents an exhaustive description
of the methodology to provide support to the process of the COA implementation within MS and
targeting at policy makers and other market actors [20]. The second study, published in 2013, aims at
providing an analysis and guidance on how properly implementing COA by MS [21]. Due to this,
it focuses on the calculation methodology and on the impact of financial factors at national levels,
providing practical examples of the COA application. Both the macroeconomic and microeconomic
perspectives are hence presented. All findings are based on three country reports (Austria, Germany,
and Poland) on new residential RBs (single-family and multi-family house).
Different lessons are learnt from each COA application by the three countries involved. In general,
a sensible gap was identified between each country actual requirements and the cost-optimal levels
reached through the described calculations procedure. Moreover, regardless of the perspective
considered (macroeconomic and private perspective) similar cost-optimal levels were observed.
Looking at the results of each country, sensible differences can be noted.
With special regard to the Austrian study, the cost-optimal analysis was applied to a multi-family
reference building. From the financial perspective, the gap between actual and cost-optimal energy
performance ranges between 15.4% and 21.6% and can be further improved depending on different
assumptions on input factors (e.g., lowering discount rate from 3% to 1%, increasing energy prices, etc.).
The cost-optimal calculation for Germany were applied on both residential building typologies.
From calculations it was observed that, from a private investor perspective, the two calculated
cost-optimal energy performance values are very similar (respectively 53 kWh/(m2 a) for the multi-family
reference building and 54 kWh/(m2 a) for the single-family building). The cost of the greenhouse gas
emissions has no influence due to carbon prices being too low, as assumed from the regulation [3].
From calculations, it could be observed that lower cost-optimal primary energy values could be
achieved with lower discount rates and higher energy price development, thus increasing the gap with
between cost-optimal and current energy performance requirements.
Concerning Poland, the cost-optimal calculations were carried out on three new reference
buildings (a single-family house, a multi-family building and an office building) using dynamic
simulation. A higher gap between current requirements and cost-optimal levels was recorded.
Despite the highly different primary energy demand, depending on the varied climate locations,
it seems like the location has no significant influence on cost-optimality.
Another report produced by the European Council for an Energy Efficient Economy and the
Ecofys staff, provides, consistently with the first one from BPIE, additional insights and a detailed
description of COA methodology [30].
3. Cost-Optimality and Research at a Glance
As already stated, the first experiences in the application of COA has stimulated the research
community to perform research based on this approach, leading the COA for NZEB design to become
a hot topic in scientific journals and international scientific conferences. In this study, a detailed analysis
on COA studies included in scientific literature was conducted in order to review the most recent
research applications of cost-optimal analysis since regulation entered into force. For the aim of this
review, only the cost-optimal analysis by the book—namely those applications in compliance with the
EBPD directive—were selected. The related search was performed by using the Scopus navigational
and Google research tools. The terms “cost-optimal analysis”, “cost-optimality”, and “EPBD” were
used as key words for selecting the set of papers to carry out the review. Based on the research results,
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88 papers were selected as relevant for this literature review. The selected papers were analyzed
based on a set of key parameters related to the methodology approach, the reference case study,
the building energy performance and the economic assessment. Only English papers published into
international journals or indexed international conference proceedings were included into the analysis.
It is important to note that, in order to avoid twisted data and duplications, papers with similar case
studies from the same authors but without significant difference in the outcomes were not considered.
All selected papers are presented in Table 2, arranged in chronological descending and authors’
alphabetic order with their proper reference. It has to be noted that several papers analyze more
than one building typology for the same Country or apply the methodology to the same reference
buildings in different context. This results in the 88 papers analyzing 105 case studies, of which the
country of application and the building typology (given their great number, residential buildings were
differentiated into the single-family and the multi-family categories, respectively RES_SF and RES_MF)
is also reported.
Table 2. List of papers considered in this work.
Reference

Authors

Year

Country

Building Type

[33]
[9]
[34]
[35]
[13]
[36]
[37]
[38]
[39]
[40]
[14]
[12]
[41]
[42]
[16]
[43]
[11]
[44]
[45]
[10]
[46]
[47]
[25]
[48]
[49]
[50]
[15]
[51]
[52]
[53]
[54]
[55]
[17]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]

A.Hasan
J. Kurnitski, et al.
M. Hamdy, et al.
M. Kapsalaki
M. Hamdy, et al.
J. Kwiatkowski, et al.
M.J.N. Oliveira Panão, et al.
M. Thalfeldt, et al.
E. Arumagi, et al.
N. Aste, et al.
I. Ballarini, et al.
V.M. Barthelmes, et al.
C. Becchio, et al.
E. De Angelis, et al.
M. Ferrara, et al.
M. Ferreira, et al.
N. Ganic, et al.
A. Kamenders, et al.
J. Kurnitski, et al.
E. Pikas, et al.
C. Pountney, et al.
L.C. Tagliabue, et al.
G. Teodoriu, et al.
L. Tronchin, et al.
L. Aelenei, et al.
M. Almeida, et al.
F. Ascione, et al.
F. Ascione, et al.
F. Ascione, et al.
M. Basinska, et al.
M. Basinska, et al.
C. Baglivo, et al.
C. Becchio, et al.
C. Becchio, et al.
C. Becchio, et al.
R. Bolliger, et al.
P.M. Congedo, et al.
V. Corrado, et al.
S. Ferrari, et al.
M. Haase, et al.
A. Mohamed, et al.
V. Monetti, et al.
G.M. Mauro, et al.
P. Penna, et al.
E. Pikas, et al.
E. Pikas, et al.
D. Prando, et al.
N.G. Saglam, et al.
E. Stocker, et al.
S. Tadeu, et al.
Q. Wang, et al.
I. Zacà, et al.
C. Araujo, et al.

2010
2011
2012
2012
2013
2013
2013
2013
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2016

Finland
Estonia
Finland
Sweden, Portugal, Greece
Finland
Poland
Portugal
Estonia, France
Estonia
Italy
Italy
Italy
Italy, Turkey
Italy
France
Portugal
Turkey
Latvia
Estonia
Estonia
Ireland
Italy
Romania
Italy
Greece, Italy, Portugal, Romania, Spain
Portugal
Italy
Italy
Germany
Poland
Poland
Italy
Italy
Italy
Italy
Sweden, Switzerland
Italy
Italy
Italy
Latvia, Norway, Spain, Russia, UK
Finland
Italy
Italy
Italy
Estonia
Estonia
Italy
Turkey
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Portugal
Sweden
Italy
Portugal

RES_SF
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RES_SF
RES_SF
RES_MF
RES_MF
Office
RES_MF
RES_MF
RES_MF
RES_SF
Office
RES_MF
RES_SF
RES_SF
Office
RES_MF
RES_SF/MF, Office, School
Office
RES_SF
RES_MF
RES_MF
RES_SF
Office
RES_MF
RES_MF
Office
Office
RES_SF/MF
RES_MF
RES_SF
RES_SF
RES_SF
RES_MF
RES_SF
Office
RES_MF
RES_SF
Retail
Office
RES_MF
Office
RES_MF
RES_MF
RES_MF
RES_MF
RES_MF
School
RES_MF
RES_SF
RES_MF
RES_SF
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Table 2. Cont.
Reference

Authors

Year

Country

Building Type

[76]
[77]
[78]
[26]
[79]
[80]
[81]
[82]
[83]
[84]
[32]
[85]
[86]
[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]
[95]
[96]
[97]
[98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]

F. Ascione, et al.
F. Ascione, et al.
T. Ashrafian, et al.
A. Brandao de Vasconcelosa, et al.
A. Brandao de Vasconcelosa, et al.
P. Brinks, et al.
K.B. Lindberg, et al.
S. Chardon, et al.
P. M. Congedo, et al.
V. Corrado, et al.
M. Ferrara, et al.
M. Ferreira, et al.
M. Ferreira, et al.
K.B. Lindberg, et al.
T. Niemela, et al.
J. Ortiza, et al.
S. Silva, et al.
S. Stevanovic, et al.
S. Tadeu, et al.
D. Testi, et al.
F. Ascione, et al.
F. Ascione, et al.
F. Ascione, et al.
F. Ascione, et al.
F. Ascione, et al.
I. Ballarini, et al.
M. Ferrara, et al.
M. Hamdy, et al.
S. Kumar Pal, et al.
K. Loukaidou, et al.
T. Niemela, et al.
T. Niemela, et al.
N.G. Saglam, et al.
M. Thalfeldt, et al.
J.C. Vallée, et al.

2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017
2017

Italy
Italy
Turkey
Portugal
Portugal
Germany
Germany
France
Italy
Italy
France
Portugal
Portugal
Norway
Finland
Spain
Portugal
Serbia
Portugal
Italy
Germany
Italy
Italy
Italy
Italy
Italy
France
Finland
Finland
Cyprus
Finland
Finland
Turkey
Estonia
France

Others
RES_MF
RES_SF
RES_SF
RES_MF
Others
RES_MF
RES_SF
School
RES_MF
RES_SF
RES_MF
RES_SF, MF
School
School
RES_MF
RES_MF
Office
RES_SF
Others
Office
RES_SF
Others
RES_MF
Office
RES_SF
RES_SF
RES_SF
RES_SF
Others
RES_MF
RES_MF
RES_MF
Office
RES_SF

According to the collected literature, the graphical trend analysis for the country case study is
presented in Figure 5. Approximately every European country has at least one publication. Italy emerged
as the most represented country, followed by Portugal, Finland, and Estonia. However, it could be
possible that this significant difference in the COA publication per country may be due to the use of
different publication channels and sources, such as national and non-academic journals, that were
not reviewed for this study. Therefore, it is fair to consider that other MS (such as Belgium or
the Netherlands), other than producing the required regulatory reports, may have chosen national
channels, like more professional-oriented and commercial journals and/or national conferences,
as more suitable communication carriers in order to promote COA knowledge and application at a
national level. The fact that some countries that do not belong to the European Union also applied the
COA to some studies, other than giving evidence of the kind of cultural affinity these countries have
with EU, shows the interesting fact that the applications of COA for scientific and research purposes
has crossed the boundaries of the European Union and could be applied from other countries of the
world to produce advancements in research towards NZEBs.
Furthermore, it should be observed that only a small portion of the selected publications
(less than 20%) included studies considering different climate conditions within the same analysis;
some performed comparison between different RBs in the same country [45,54,86] and others applied
the same RB to different locations/climate [35,41,49,62,109]. This trend is quite interesting as it shows
that the methodology presented and shared by the regulations is not yet perceived as a methodology
for comparing different outcomes from different countries, or at least from different climate locations
in the same country. This trend can be related to a slow absorption of the cost-optimal approach,
as a knowledge transfer issue, from Member States. In fact, looking at the publication year timeline,
depicted in Figure 6, cost-optimality did not arouse great interest during the first years in force of the
regulation, but has become a hot research topic starting from 2014. Approximately 80% of papers refer
thus to the last four years, from 2014 up to 2017. The absorption of cost-optimal as methodology is
still underway.
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With regard to the buildings typology (Figure 8), 68% of the reviewed RBs were residential
buildings and 32% non-residential buildings. As depicted in Figure 8, specifically among residential
buildings, multi-family buildings represented 34% of RBs and the other 34% was composed of
single-family houses. Indeed, non-residential case studies were composed of office buildings (18%),
retail (5%), schools (4%), and other building types (e.g., hotel, industrial buildings—the remaining 4%).
Moreover, as shown in Figure 9, most of studies concerned existing RBs which covered 60% of
RBs in the analyzed studies. Existing buildings were thus preferred to new construction reference
buildings, within the analyzed studies, due to the big challenge related to the existing building
energy refurbishment.
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The different methods that can be used for the selection of EEMs leading to the cost-optimal point
can be divided into two main groups.
One is the manual approach, that means selecting a defined number of packages of EEMs and
calculating and comparing the global cost values; another approach is the automated search, based on
different optimization algorithms driven by computer engines, that allows exploring a greater search
space and identifying the region, minimizing the global cost objective function.
Figure 10 reports the number of published papers as a function of the year of publication and
of the approach that was used for selecting the EEMs or packages of EEMs to be applied to the RB.
As shown, since 2010 there is an exponential increasing trend of published papers for both approaches.
As shown in Figure 11, there are many tools used for the automated approach. The most used are
those implementing non-derivative, population-based optimization algorithms, such as GenOpt and
MATLAB® [28,33,34,108–112]. Also other techniques has been set up and tested by the authors of
the papers, such as an automated parametric analysis [62,72] or a sequential search optimization
technique [49,60], that was developed specifically for the cost-optimal calculations. The aspects to be
considered when comparing the EEMs selection method are the number of evaluated EEMs packages
and the related accuracy of the cost-optimal search, the computational time, and the data availability
after the optimization process.
The other methodological issue is related to the energy performance assessment (Figure 12).
One approach is the use of simplified methods, such as the quasi-steady state method defined by
UNI EN 13790 and the various national implementations. When using the simplified approach,
the authors use commercial tools that are compliant with the regulations [48] or they develop their own
calculation tool for energy performance assessment [43]. The other approach is dynamic simulation
that allows a more detailed and precise hourly calculations of outdoor and indoor temperatures and
energy consumptions. The most used dynamic simulation tools are EnergyPlus® [17,40,76,79], IDA
ICE® [10,39,63,105], and TRNSYS® [16,66,80,82].
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The other methodological issue is related to the energy performance assessment (Figure 12). One
approach is the use of simplified methods, such as the quasi-steady state method defined by UNI EN
13790 and the various national implementations. When using the simplified approach, the authors
use commercial tools that are compliant with the regulations [48] or they develop their own
calculation tool for energy performance assessment [43]. The other approach is dynamic simulation
that allows a more detailed and precise hourly calculations of outdoor and indoor temperatures and
energy consumptions. The most used dynamic simulation tools are EnergyPlus® [17,40,76,79], IDA
ICE® [10,39,63,105], and TRNSYS® [16,66,80,82].
Figure 12 reports the number of published papers as a function of the year of publication and of
the used approach for the energy performance assessment of the building when different packages
of EEMs are applied. As shown, dynamic simulation is getting more and more used and, starting
from 2015, the number of papers where dynamic simulation is used exceeds that of papers using a
simplified approach. However, the simplified approach has not been abandoned, because of its
easiness of application in compliance with national regulations and the possibility of coupling with
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Figure 12 reports the number of published papers as a function of the year of publication and of
the used approach for the energy performance assessment of the building when different packages
of EEMs are applied. As shown, dynamic simulation is getting more and more used and, starting
from 2015, the number of papers where dynamic simulation is used exceeds that of papers using
a simplified approach. However, the simplified approach has not been abandoned, because of its
easiness of application in compliance with national regulations and the possibility of coupling with
simplified optimization methods. Figure 13 reports the repartition of the papers based on the tool that
is used for energy assessment.
Figure 13. Methods for energy performance calculation: simplified (S) vs. dynamic (D). Repartition of
the analyzed papers according to the tool used.
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Combining the different methods for addressing the two aforementioned phases of the COA,
four main approaches for carrying out the cost-optimal analysis were identified, as shown in Table 3.

Figure 13. Methods for energy performance calculation: simplified (S) vs. dynamic (D). Repartition of
the analyzed papers according to the tool used.
Figure 13. Methods for energy performance calculation: simplified (S) vs. dynamic (D). Repartition of
the analyzed papers according to the tool used.
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4.1. Simplified Energy Performance Assessment with Manual Selection of EEMs (S-M)
a study on the same building typology (single-family building), in order to facilitate the comparison.
This approach typically leads to evaluating a limited number of design alternatives. In one of
exemplifying paper [48], Tronchin et al. defined six construction scenarios for the single-family
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when only a few data are available and the feasibility of the resulting cost-optimal design, because of
the assured technical feasibility of all the evaluated design alternatives. The quasi-steady method
ensures the calculation not to be time-consuming and the results to be understandable within the
national regulatory framework for the building energy performance classification.
However, this approach may fail to consider all the existing design alternatives and therefore
excluding energy efficient alternatives with lower global cost. This is why it is recommended that
defined criteria are used for defining the design alternatives or in presence of additional constraints
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law requirements, while the others consider improvements in the construction of different part of
the building opaque envelope, more performing technologies for windows, the use of PV and solar
thermal collectors. The definition of these scenarios requires preliminary design efforts (such as system
sizing, construction layer thickness, etc.), but it ensures the easiness of the cost calculation when
only a few data are available and the feasibility of the resulting cost-optimal design, because of the
assured technical feasibility of all the evaluated design alternatives. The quasi-steady method ensures
the calculation not to be time-consuming and the results to be understandable within the national
regulatory framework for the building energy performance classification.
However, this approach may fail to consider all the existing design alternatives and therefore
excluding energy efficient alternatives with lower global cost. This is why it is recommended that
defined criteria are used for defining the design alternatives or in presence of additional constraints that
limit the number of possible design options, such as those occurring in existing building retrofits [85].
4.2. Dynamic Energy Simulation with Manual Selection of the EEMs (D-M)
This approach typically leads to evaluate a limited number of design alternatives in a very
detailed way. In the selected paper [9], Kurnitski et al. define four construction concepts for the
single-family house taken as reference building. The criteria for determining the four design concepts
as packages of EEMs related to many design variables (envelope construction, leakage, window type,
efficiency, and size of the HVAC system) is the building envelope specific heat loss coefficient (DH),
which includes transmission and infiltration losses through the building envelope and is calculated per
heated net floor area. As for the previous described approach (S-M), the definition of design concepts
requires a preliminary design effort but ensures the feasibility of all the evaluated design alternatives.
The energy simulation of a few construction concepts allows an accurate and validated assessment
of the energy performance, leading this approach to be useful not only in the preliminary design
phase, but also in the advanced design phase. When using a dynamic simulation tool with manual
EEMs selection approach, the limited number of design alternatives is essential in order to ensure the
cost-optimal search to be manageable and not too time-consuming.
4.3. Simplified Energy Performance Assessment with Automated Selection of the EEMs (S-A)
The papers classified in this category exploit the potential of an automated optimization technique
to be able to search within a space composed of a great number of packages of EEMs. This is done by
means of an optimization algorithm that drives an iterative process toward the minimization of the
objective function (the global cost function).
As an example, Kapsalaki et al. [35] report a study where more than 7 million packages of EEMs
are evaluated by means of a model implemented and optimized in MATLAB® (v. 7.12.0).
Because of the automatism of the EEMs selection, this approach requires to define the constraints
for the optimization problem, that means defining the n building design variables to be varied
(e.g., insulation thickness, glazing type, HVAC system) as EEMs and the limits of their variations
(e.g., insulation thickness from 10 to 30 cm). Therefore, the automated approach for the selection of
EEMs allows defining a wider n-dimensional search space with respect to the previous approaches
with manual selection of EEMs, which is composed by all the points representing a combination of
design variables (the so-called packages of EEMs).
To do so, it is necessary to create a system of equations for calculating the total primary energy
demand and the related global cost of each package of EEM. In this S-A approach, the calculation
the energy performance of each package follows the quasi-steady state method, so that the system
of equations remains manageable and the computational time for energy performance assessment
is reduced. However, depending on the number of design variables, their range of variation and
the resulting dimension of the search space, the optimization process may take a long time before
converging to a solution.
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With respect to the D-M and S-M approaches, this approach allows a more accurate search of the
cost-optimal point and reduces the risk of overlooking some effective solutions. However, the energy
performance assessment is not detailed, and the technical feasibility of the resulted optimal solutions
must be checked at the end of the optimization process, as there is less control over the selected
combinations of EEMs even if constraints are set carefully.
4.4. Dynamic Energy Simulation with Automated Selection of the EEMs (D-A)
This approach is typically used when a great number of design alternatives has to be systematically
evaluated, in order to provide an accurate search of the cost-optimal point with a detailed energy
performance assessment. This can be done by coupling a dynamic simulation software with other
tools able to run optimization algorithms and minimize the global cost objective function, leading to
what is also known as simulation-based optimization method [113,114].
The definition of the search space and the potential number of evaluated design alternatives is
the same of the previous approach (S-A), however the computational time may increase because of the
accuracy of energy performance assessment driven by the engine of the dynamic simulation software
able to solve complex systems of partial and differential equations at each calculation time step. This is
why, when using this approach, it is essential to control the number of objective function evaluations
before reaching the minimum point. To do so, it is possible to set up optimization algorithms that
perform efficiently in this kind of optimization problems [110], or to perform the optimization with
a multi-stage methodology [13]. In the last paper, Hamdy et al. found the cost-optimal level of
a Finnish single-family
house
through
The first part leads
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Figure 15. Approach for cost-optimal studies as a function of the number of EEMs packages.
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5. Comparing Cost Calculation: Financial Assumptions

As introduced, the cost-optimal calculations are based on financial assumptions concerning
inflation, interest rates and the evolution of energy and products prices. As most of the studies are
carried out with a financial perspective (see Table 1), the main financial parameter is the real interest
rate, which is crucial to determine the discount rate for actualizing each cost that is considered within
the global cost to the year 0.
The real interest rate depends on the market interest rate R and inflation rate Ri as follows
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5. Comparing Cost Calculation: Financial Assumptions
As introduced, the cost-optimal calculations are based on financial assumptions concerning
inflation, interest rates and the evolution of energy and products prices. As most of the studies are
carried out with a financial perspective (see Table 1), the main financial parameter is the real interest
rate, which is crucial to determine the discount rate for actualizing each cost that is considered within
the global cost to the year 0.
The real interest rate depends on the market interest rate R and inflation rate Ri as follows
Rr =

R − Ri
(1 + R i )

(2)

Both R and Ri , in the reality, may vary throughout the calculation period, but they are usually fixed
for the all period, leading to a unique real interest rate value to be used in a study. It is important to note
that many studies refer to the real interest rate as the discount rate, leading to some confusion between
the meaning of discount rate (that is the real interest rate) and the discount rate coefficient or discount
factor. To provide a correct definition, based on the aforementioned guidelines and standard [32],
the Rd is used to refer some costs (see Equation (1)) to the starting year 0. It is calculated as
Rd =

1

(1 + Rr ) i

(3)

where Rr is the real interest rate and i is the year of calculation (e.g., i = 20 for calculation of the
replacement cost of a component having a lifespan of 20 years). Because the building components may
have different lifespans, there may be different discount rates within the same calculation, but they are
all calculated on the same Rr , which is the main financial assumption on which all the other financial
parameters are based.
The real interest rate is also used to calculate the present value factor fpv , which must be used to
actualize costs equally occurring for multiple years. It is expressed as follows, as a function of the
number of years n
(1 + Rr ) − 1
(4)
f pv (n) =
Rr ·(1 + Rr )n
The guidelines [8] recommend to set Rr to 4% for macroeconomic calculations, but also recommend
to perform a sensitivity analysis to estimate the variation of cost-optimal levels according to the
considered real interest rate, given the importance of this assumption. In fact, it has to be noted that
the global costs increase when discount rates decrease, given that future costs (mainly energy costs) are
discounted at a lower rate. However, this means that, for lower discount rates, the cost-optimal level
will move towards better energy performance levels, given the greater impact that energy savings will
have on the global cost.
Figure 16 gives a picture of the range of values that have been used as real interest rate in the
analyzed cost-optimal studies. As shown, the values range between 0% and 8%, where the values
of 3%, 4%, and 6% have the highest occurrence within the entire set of studies (central line with
proportionally sized bubbles). The country repartition for such values is also reported, showing that
3% is used by the greater variety of countries (8 of 20), followed by 4% (7 out of 20).
It is shown that such values are used by the countries that are more represented within the
analyzed set of studies. The lowest part of the figure shows the range of values of real interest rate
values for the four most represented countries.
In Italy, the real interest rate ranges from 0% to 6%, with prevalence of 3% and 4% up to 6% in
a study on the heat pump technology [40]. Lower values of interest rate have been used in the most
recent studies, considering the recent economic scenario with interest rates and inflation rates that are
close to 0. A similar range of real interest rate values is for Estonia (0.5–4%) with a prevalence of 4%,
while almost all studies in Finland use 3% and Portugal ranges from 3% to 8% with a prevalence of 6%.
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It has to be noted that Turkey is among the countries using 3% and 4% as discount rate. However,
differently from other European countries, where the inflation rate is usually set below 4%, the Turkish
studies are characterized by high inflation rates, to the order of 10%. The fact that such high inflation
rates are coupled to high market interest rates lead to have real interest rates that are comparable with
those used in other European countries.
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As expressed in Equation (1), the aforementioned financial parameters are used to calculate the
value of global cost within a defined calculation period, which can be set equal or shorter than the
estimated building lifecycle. The guidelines [8] recommend that this period is set at least to the
refurbishment cycle of the building, which may be different for building typologies but is almost
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in Figure 16, shows that 56% of studies set Re > Ri while 35% used the same value for the two rates,
assuming that the evolution of energy prices will follow the trend of inflation rates.
As expressed in Equation (1), the aforementioned financial parameters are used to calculate
the value of global cost within a defined calculation period, which can be set equal or shorter than
the estimated building lifecycle. The guidelines [8] recommend that this period is set at least to the
refurbishment cycle of the building, which may be different for building typologies but is almost
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projections [20].
projections [20].
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6.1. Global Cost Values and Gaps
Figure 19 reports on a cost-optimal graph (specific annual primary energy on the x-axis, specific
Figure 19 reports on a cost-optimal graph (specific annual primary energy on the x-axis, specific
global cost on the y-axis) the cost-optimal points resulting from the analyzed studies for residential
global cost on the y-axis) the cost-optimal points resulting from the analyzed studies for residential
buildings. Only results related to residential buildings were reported because most of the studies related
buildings. Only results related to residential buildings were reported because most of the studies
to non-residential buildings did not report the results following a standard and comparable approach.
related to non-residential buildings did not report the results following a standard and comparable
The different colors indicate different climatic zones, according to the Koppen climate classification,
approach. The different colors indicate different climatic zones, according to the Koppen climate
and the referenced paper is indicated next to the related point. As a reference, the Cfa zone (humid
classification, and the referenced paper is indicated next to the related point. As a reference, the Cfa
subtropical climate—light blue) refers to case studies located in the Northern Italy; the Cfb zone (oceanic
zone (humid subtropical climate—light blue) refers to case studies located in the Northern Italy;
climate—orange) is related to locations in France, Latvia, UK; the Csa zone (hot-dry summer
the Cfb zone (oceanic climate—orange) is related to locations in France, Latvia, UK; the Csa zone
Mediterranean climate—grey) groups the studies located in Southern Italy, Portugal, Spain, Turkey,
(hot-dry summer Mediterranean climate—grey) groups the studies located in Southern Italy, Portugal,
and Greece; some locations in Portugal, Spain, and Turkey are classified under the Csb zone (cool-dry
Spain, Turkey, and Greece; some locations in Portugal, Spain, and Turkey are classified under the Csb
summer Mediterranean climate—yellow) and the Dfb zone (warm-summer continental climate—dark
zone (cool-dry summer Mediterranean climate—yellow) and the Dfb zone (warm-summer continental
blue) refers to case studies in the Northern Europe, such as in Finland, Estonia, Ireland, and Norway.
climate—dark blue) refers to case studies in the Northern Europe, such as in Finland, Estonia, Ireland,
This synthesis is reported with the purpose of facilitating the reader in analyzing the literature
and Norway.
analysis on the topic. However, as shown, it is hard to find a common trend between the studies.
This synthesis is reported with the purpose of facilitating the reader in analyzing the literature
From the global cost values point of view, this was expected because of the many different financial
analysis on the topic. However, as shown, it is hard to find a common trend between the studies.
assumptions and the different set of analyzed energy efficiency measures (some studies considered
From the global cost values point of view, this was expected because of the many different financial
only EEMs related to the envelope, others were related only to the energy systems, not all the studies
assumptions and the different set of analyzed energy efficiency measures (some studies considered
considered EEMs related to renewable energy sources). However, it has to be noted that the absolute
only EEMs related to the envelope, others were related only to the energy systems, not all the studies
global costs value is not that important, as the main objective of the COA approach is to determine
considered EEMs related to renewable energy sources). However, it has to be noted that the absolute
the energy performance level that is related to the lowest global cost value.
global costs value is not that important, as the main objective of the COA approach is to determine the
That is why, in Figure 19, the ranges of cost-optimal energy performance levels are highlighted,
energy performance level that is related to the lowest global cost value.
grouped by climatic zones and building type. Each black sign refers to a different result for a
That is why, in Figure 19, the ranges of cost-optimal energy performance levels are highlighted,
particular case-study addressed in one of the papers.
grouped by climatic zones and building type. Each black sign refers to a different result for a particular
It emerges that, especially for some studies in the climate zones Cfa (Italy [12,66]) and Csa (Italy
case-study addressed in one of the papers.
and Portugal, [26,55,74,79]), the cost-optimal energy performance level is very close to zero for both
It emerges that, especially for some studies in the climate zones Cfa (Italy [12,66]) and Csa (Italy
building typologies, demonstrating the possible economic feasibility of nearly zero-energy buildings.
and Portugal, [26,55,74,79]), the cost-optimal energy performance level is very close to zero for both
However, for other studies in the same climatic zones, the reached cost-optimal energy performance
building typologies, demonstrating the possible economic feasibility of nearly zero-energy buildings.
levels are much higher (up to 125 kWh/m2).
However, for other studies in the same climatic zones, the reached cost-optimal energy performance
For the Cfb climatic zones, mainly due to the limited number of studies in this group, the costlevels are much higher (up to 125 kWh/m2 ).
optimal energy performance range is very small, and it seems that it is easier to reach cost-optimal
nearly zero-energy buildings for the single-family house than for the multi-family buildings.
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For the Cfb climatic zones, mainly due to the limited number of studies in this group,
the cost-optimal energy performance range is very small, and it seems that it is easier to reach cost-optimal
nearly zero-energy buildings for the single-family house than for the multi-family buildings.
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Beyond the difficulties in comparing cost-optimal energy performance levels and defining
common trends, each of the previously reported cost-optimal points is related to a set of optimal EEMs
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that can be analyzed and compared. As mentioned, these EEMs are usually classified in two categories,
one including ‘passive’ measures related to the building envelope and the other composed of ‘active’
measures related to the technical systems, including measures related to renewable energy production
and exploitation.
The performed comprehensive analysis helps identify the technologies that most frequently
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Differently from single-family houses, cost-optimal studies in multi-family residential buildings
lead to select the gas condensing boiler for heating in almost all climate zones [15,42,46,57,85,89,106].
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also called environment parameters, create the scenario in which such optimization study is performed.
In case of NZEB design problems carried out within the COA framework, the environment
parameters usually include the climate conditions (hourly, daily, monthly, or annual profiles of
temperature, humidity, solar radiation, wind speed, etc.), the market characteristics (cost evolution of
materials and technologies, energy prices, discount rates, etc.), and the available technologies in the
project location. Despite such parameters potentially having a great impact on the system performance,
they cannot be controlled by the system designer nor be optimized, but they have to be considered as
the boundary conditions creating the scenario in which the system is optimized. Such a scenario is
often fixed before looking for the optimal solutions, but it may be subject to uncertainty, especially
when optimizing the system performance in the medium-long term.
Concerning climate scenarios, the objective may be to identify methods for considering the impact
of global climate change on the local climate conditions, in order to understand how buildings should
be designed now in order to be resilient to climate change in the future.

Energies 2018, 11, 1478

25 of 32

The same approach should be followed for financial scenarios, considering the difficulties in
finding reliable medium and long-term predictions of economic trends. Also, different scenarios
related to the evolution of technologies availability and costs should be studied.
In some studies, such uncertainty is taken into account through sensitivity analyses, mainly
performed on financial parameters [54,107], highlighting that the variation of such parameters may
lead to substantial changes in optimal levels and related technologies over time. However, given the
long building lifetime and renovation cycles, it is necessary to set up methodologies that are able to go
beyond simple sensitivity analysis, towards robust optimal design approaches.
In this context, some authors have started investigating the resilience of the resulting optimal
solutions to the variation of the aforementioned boundary conditions [54,97,100,101,107], but a lot of
further work needs to be done to cover the different European climatic and economic contexts with a
sufficient number of reference case-studies. Furthermore, a standard methodological framework that
is able to combine the different climate, financial, and technological scenarios should be defined for
providing a common framework to assess the robustness of the resulting optimal solutions.
8. Conclusions
After seven years have passed since the introduction of the EPBD recast, the cost-optimal
methodology has been the main driver to carry out important research about nearly zero-energy
buildings throughout Europe. The introduction of COA has been embraced from the European
scientific community not only as a legislative requirement but rather as a new and powerful tool to
progress the research in building design towards the affordability of the zero energy objective. This is
because, on the one hand, the COA introduced to researchers the possibility to evaluate different single
energy efficiency measures (measures related to the envelope, measures related to HVAC system,
measures dealing with renewable sources, etc.) and/or packages of measures within a common
calculation framework, which is harmonized across all Europe. Recent publications demonstrate that
this is still a hot topic, research is still in progress [115,116] and will be further encouraged by the
publication of the new recast of EPBD in mid-2018.
In these terms, COA has given a strong impulse for a new generation of studies on the building
energy performance, based on the trade-off between technical and economic feasibility in a life-cycle
cost perspective. Because COA was introduced in a context of emerging powerful calculation tools
and a regulatory framework that was able to drive this new analytical approach, the COA comparative
methodology has transformed the traditional sequential parametric approach, based on the study of
single variables, into an optimization approach that has to be carried out in a design space composed
of a great number of design alternatives where the mutual relationship between the design variables
has to be considered. This methodology for the search of the economic optimum leads to investigating
and developing different methods and algorithms for building design optimization problems, and to
discuss how the calculation method for the energy performance assessment can influence the selection
of the optimal solutions.
Despite the many differences occurring between the analyzed studies, due to the different
socio-economic contexts characterizing the European countries, COA has also given a strong impulse
towards the standardization of this type of research studies on the whole-building energy performance.
In terms of methodologies and tools, a defined approach based on optimization has emerged
as the evolution of the advanced simulation tools for the detailed building energy performance
assessment, leading to new research on simulation-based optimization methods not only for
informing the building retrofit decision process but also to drive the design of new buildings from
a multiple-objective perspective.
In terms of results, despite the difficulties in comparing the studies due to the many different
assumptions, there are some general considerations that can be done.
First, it was demonstrated that the zero energy objective is technically reachable through the
optimal interaction of all the building design variables that can be studied in detail through advanced
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simulation and optimization models. However, it does not seem fully economically feasible, as many
studies in different contexts highlight that there is still a consistent gap between the cost-optimal nearly
zero-energy building design and the net zero energy building design.
Second, EEMs related to the building envelope do not emerge as drivers of cost-optimal building
design. In fact, in all the studies where both envelope and systems EEMs were considered, the optimal
envelope design results as a consequence of the resulting optimal energy systems. In many cases,
only measures related to systems had to be implemented to reach the cost-optimality. The common
idea “the more insulated, the better” does not result from most of these studies.
Third, the implementation of renewable energy sources in situ such as solar thermal and PV has
known a fast increase in economic feasibility in the last few years. However, the current national
policies for incentives and for energy selling prices are limiting the return on investment, thus limiting
their massive implementation in all European contexts.
This may be the reason why gas-based technologies—such as condensing boilers or biomass
boilers—can be considered among many cost-optimal solutions, thus limiting the implementation of
electric heat pumps that can be easily supplied by renewable energy sources.
Another emerging aspect is that the great effort needed for comparing the different studies in this
work has highlighted some criticalities in the way research in this field is carried out and presented.
It was shown that the comparison between cost-optimal values is not easy, and the definition of general
trends is full of uncertainty. Furthermore, financial assumptions are often unclear and not explained
in detail, limiting the replicability of the studies and the correct interpretation and impact of results.
The study of the uncertainty of assumptions is limited to a simplified sensitivity analysis in some cases
but is not addressed at all in many studies.
Future work will be done concerning the study of the resilience of the cost-optimal design
solutions to the variation of boundary conditions, such as climate and economic scenarios.
Moreover, a future study should be focused on understanding the extent to which the national
regulations are being informed from such studies and are modifying their principles according to
their results.
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Sağlam, N.G.; Yılmaz, A.Z. Progress towards EPBD Recast Targets in Turkey: Application of Cost-optimality
Calculations to a Residential Building. Energy Procedia 2015, 78, 973–978. [CrossRef]
Stocker, E.; Tschurtschenthaler, M.; Schrott, L. Cost-optimal renovation and energy performance: Evidence
from existing school buildings in the Alps. Energy Build. 2015, 100, 20–26. [CrossRef]
Tadeu, S.; Rodrigues, C.; Tadeu, A.; Freire, F.; Simões, N. Energy retrofit of historic buildings: Environmental
assessment of cost-optimal solutions. J. Build. Eng. 2015, 4, 167–176. [CrossRef]
Wang, Q.; Holmberg, S. A methodology to assess energy-demand savings and cost effectiveness of retrofitting
in existing Swedish residential buildings. Sustain. Cities Soc. 2015, 14, 254–266. [CrossRef]
Zacà, I.; D’Agostino, D.; Congedo, P.M.; Baglivo, C. Assessment of cost-optimality and technical solutions in
high performance multi-residential buildings in the Mediterranean area. Energy Build. 2015, 102, 250–265.
[CrossRef]
Araújo, C.; Almeida, M.; Bragança, L.; Barbosa, J.A. Cost-benefit analysis method for building solutions.
Appl. Energy 2016, 173, 124–133. [CrossRef]
Ascione, F.; Bianco, N.; De Stasio, C.; Mauro, G.M.; Vanoli, G.P. Multi-stage and multi-objective optimization
for energy retrofitting a developed hospital reference building: A new approach to assess cost-optimality.
Appl. Energy 2016, 174, 37–68. [CrossRef]
Ascione, F.; Bianco, N.; De Masi, R.F.; De Stasio, C.; Mauro, G.M.; Vanoli, G.P. Multi-objective optimization
of the renewable energy mix for a building. Appl. Therm. Eng. 2016, 101, 612–621. [CrossRef]
Ashrafian, T.; Yilmaz, A.Z.; Corgnati, S.P.; Moazzen, N. Methodology to define cost-optimal level of
architectural measures for energy efficient retrofits of existing detached residential buildings in Turkey.
Energy Build. 2016, 120, 58–77. [CrossRef]
De Vasconcelos, A.B.; Pinheiro, M.D.; Manso, A.; Cabaço, A. EPBD cost-optimal methodology: Application
to the thermal rehabilitation of the building envelope of a Portuguese residential reference building.
Energy Build. 2016, 111, 12–25. [CrossRef]
Brinks, P.; Kornadt, O.; Oly, R. Development of concepts for cost-optimal nearly zero-energy buildings for
the industrial steel building sector. Appl. Energy 2016, 173, 343–354. [CrossRef]
Lindberg, K.B.; Fischer, D.; Doorman, G.; Korpås, M.; Sartori, I. Cost-optimal energy system design in Zero
Energy Buildings with resulting grid impact: A case study of a German multi-family house. Energy Build.
2016, 127, 830–845. [CrossRef]
Chardon, S.; Brangeon, B.; Bozonnet, E.; Inard, C. Construction cost and energy performance of single family
houses: From integrated design to automated optimization. Autom. Constr. 2016, 70, 1–13. [CrossRef]
Congedo, P.M.; D’Agostino, D.; Baglivo, C.; Tornese, G.; Zacà, I. Efficient Solutions and Cost-Optimal
Analysis for Existing School Buildings. Energies 2016, 9, 851. [CrossRef]
Corrado, V.; Ballarini, I. Refurbishment trends of the residential building stock: Analysis of a regional pilot
case in Italy. Energy Build. 2016, 132, 91–106. [CrossRef]
Ferreira, M.; Almeida, M.; Rodrigues, A.; Silva, S.M. Comparing cost-optimal and net-zero energy targets in
building retrofit. Build. Res. Inf. 2016, 44, 188–201. [CrossRef]
Ferreira, M.; Almeida, M.; Rodrigues, A. Cost-optimal energy efficiency levels are the first step in achieving
cost effective renovation in residential buildings with a nearly-zero energy target. Energy Build. 2016, 133,
724–737. [CrossRef]
Lindberg, K.B.; Doorman, G.; Fischer, D.; Korpås, M.; Ånestad, A.; Sartori, I. Methodology for optimal energy
system design of Zero Energy Buildings using mixed-integer linear programming. Energy Build. 2016, 127,
194–205. [CrossRef]
Niemelä, T.; Kosonen, R.; Jokisalo, J. Cost-optimal energy performance renovation measures of educational
buildings in cold climate. Appl. Energy 2016, 183, 1005–1020. [CrossRef]
Ortiz, J.; i Casas, A.F.; Salom, J.; Garrido Soriano, N.; i Casas, P.F. Cost-effective analysis for selecting energy
efficiency measures for refurbishment of residential buildings in Catalonia. Energy Build. 2016, 128, 442–457.
[CrossRef]
Silva, S.M.; Mateus, R.; Marques, L.; Ramos, M.M.D.; de Almeida, M.G. Contribution of the solar systems to
the nZEB and ZEB design concept in Portugal: Energy, economics and environmental life-cycle analysis. Sol.
Energy Mater. Sol. Cells 2016, 156, 59–74. [CrossRef]
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