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Abstract. The rising interest in low energy building has led to an inflation in related terminology:
(nearly) zero energy buildings, or (n)ZEBs, passive houses, positive energy buildings and districts, off-
grid buildings, energy autarkic buildings, etc. Each of these terms involves (sometimes subtle) differences
in interpretations, system boundaries, included energy end uses, etc. This paper maps the differences and
overlaps in applications of various cases of residential High Energy Performance Buildings (HEPBs),
aiming to contribute in the development of a novel taxonomy to evaluate the extent to which a building
can be considered energy or carbon neutral. Three dimensions are suggested for specification in novel
taxonomy for HEPBs: (i) the spatial dimension (energy use, locally renewable energy production and
sometimes energy storage), (ii) the time dimension (during which period is the building and its systems
balanced, e.g. yearly or momentary) and (iii) the end-use dimension (these are the end-uses that are
included or excluded for the calculation of the total energy needs of the buildings).

1 Introduction

International interest in low, zero or beyond zero energy
or emission buildings has grown worldwide and
therefore, initiatives regarding these buildings are
increasing [1]. Several European and non-European
public  authorities, institutions and non-profit
organisations are aiming to accelerate the transition
towards a decarbonised building stock [2—5], resulting in
a variety of definitions to characterize them. These
definitions, are still rather generic and not yet
internationally standardized [6]. Many slightly different
terms, such as zero net energy buildings, (nearly) zero
energy buildings, zero net carbon, zero net energy,
autarkic buildings etc., exist. Generally, all buildings aim
for zero or beyond zero energy consumption and
sometimes even emissions and are referred to in this
paper as High Energy Performance Buildings or HEPBs.

Garcia et al. [7] stated that the assessment of
HEPBs is ambiguous and that the comparison between
these types of buildings across borders is complicated
because of the lack of uniformly defined requirements to
comply with HEPBs. Without a clear and robust
definition for HEPBs and the associated guidelines for
the design, operation and evaluation of these buildings
very few legitimated examples of HEPBs would exist
[3,4]. This paper aims to clarify the differences in the
interpretation or definitions of HEPBs worldwide. The
problems that arise in relation to the compatibility of
HEPBs definitions in the world and the consequences for
the comparability of these cases are mapped by means of
exemplary cases of HEPBs worldwide. Exemplary
HEPBs provide relevant information on taxonomy
concerns at the international level.
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Based on suggestions for Key Performance Indicators
(KPIs) in relation to the energy performance of a
building or its carbon emissions, problems regarding the
cross-country comparison of HEPBs are analysed.
Furthermore, recommendations are made on the
direction for the development of future HEPB definitions
and taxonomic frameworks. This taxonomic framework
can then be used to compare HEPBs and share
knowledge about best practice solutions, which could
benefit stakeholders in the building sector [8].

2 Key performance indicators HEPBs in
literature

Both the requirements and the application of the HEPB-
philosophy are constantly evolving and vary within
countries, groups and economies, such as Europe, the
US, Australia and the C40 Cities Climate Leadership
Group [9—13]. Other attempts to collect exemplary cases
for comparison or to obtain information on the effective
implementation of the HEPBs requirements at the
international level have been undertaken and are
reported in literature. In the projects, Key Performance
Indicators (KPIs) are used to provide the most relevant
information on the HEPBs with regard to the
compatibility with national or international requirements
and the comparability of the selected cases.

In a report of the Concerted Action (CA) EPBD
[14], experience gained by national authorities at
European level and in Norway on the -effective
implementation of the Directive is exchanged.
Additionally, the web platform and the national reports
provide an overview of HEPB implementations across
EU Member States. A collection of European HEPBs
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was made by the International Energy Agency (IEA)
[15] as part of the IEA SHC Task 40, Annex 52 project.
This project emerges from the lack of a common
definition based on scientific research. Marszal et al. [1]
defined six core indicators, relevant for the
categorisation of HEPBs based on IEA SHC Task 40 and
the methodology proposed by Hernandez and Kenny
[16]. Based on these core indicators, twelve
methodologies are distinguished for the categorisation of
HEPBs. In the synthesis report on the national plans for
HEPBs, containing the progress of EU member states
towards HEPBS, an HEPB-spreadsheet template with
key indicators is provided as well [17]. This sheet is used
for the collection of exemplary, refurbished buildings.
The structure of the table used to collect the key
information for the analysis of HEPBs in this report is
based on the structure of the GreenBuilding Programme
(GBP) database [18]. In 2017, the Asia-Pacific
Economic Cooperation (APEC) working group on
energy reported the 100 best practice examples of
HEPBs [5]. The scope of the project was to collect
detailed information on HEPB pilot projects for an in-
depth comparative study. The outcome of this project
was intended to support APEC economies in their
promotion of HEPB and to contribute to the related,
existing APEC programs. Within the project, a
spreadsheet template was developed to collect relevant
information on best practice examples of both residential
and commercial buildings in the AOEC climates, based
on the IEA joint SHC Task 40 database, conducted
research at the Nagoya City University, the Chinese
MoHURD passive ultra-low energy consumption
demonstration investigation template, the United States
DOE NREL building database, the ENOB energy-
optimized construction database and the Construction21
database. Similar to the Construction21 database, the
ExcEED [8] platform, provides comparable performance
data about buildings are gathered worldwide. The aim of
this database is to distinguish where to improve the
efficiency of existing and future generation buildings
regarding control, design and energy performance
regulations.

Four mutual KPIs are found in aforementioned
projects in relation to cross-country comparison of the
energy savings or carbon emission reduction of the
HEPBs and are further elaborated in the following
paragraphs:

oGeneral information (location, type of building,
year of construction and/or year of renovation,
conformity with national requirements and
certification, cost of the project and financial
initiatives)

oThe metric (primary energy, final energy or
carbon emissions)

oThe balance of the metric (period over which the
balance is considered, considered end-uses? )

2 The end-uses: heating and cooling are in all spreadsheet templates
considered. Ventilation, lighting and DHW are in some templates
neglected. Electrical appliances and plug loads are in many cases not
taken into consideration.

oThe energy savings (energy efficiency measures,
applied RES and their contribution to energy
savings)

3 Noted differences in perception of
HEPBs

29 HEPB examples have been selected from a large set
of individual building owners promoting their buildings
on the internet, databases and web platforms (Fig. 1).
The definitions of HEPBs are used for both residential
and non-residential buildings. In this document,
however, the focus is on residential construction only,
because it represents the largest amount of emissions
[19]. Generally speaking, all selected cases aim to reduce
fossil energy consumption as much as possible by efforts
to save energy and making full use of renewable energy
to achieve at least a nearly zero energy level. The
selected cases are spread all over the world and have
been selected in such a way that they maximally
demonstrate the issues regarding comparability of
HEPBs worldwide. The aspects of the HEPBs that are
elaborated in this paper, are based on the four KPIs that
have been identified in previous research and the lessons
learned regarding compatibility of the selected cases for
this paper.

3.1 Metric

As found in the previous paragraph, the metric of the
energy balance is usually expressed as primary energy,
final energy or carbon emissions. This distinction has
also been made by other authors, among which Lausten
[20] and Mertz et al. [21]. The metric of the balance has
an influence on the distinction between nearly zero, net
zero or positive energy buildings on one hand and nearly
neutral, neutral or positive footprint buildings on the
other hand in this paper. In many of the selected cases,
“total energy needs” of a building are used as a metric of
the balance, without specifying whether this considers
primary or final energy. The exemption is Maison des
Yvelines-Nubian Vault in Senegal, in which the focus
lies on the reduction of carbon emission. Therefore, the
need to make a difference regarding the metric of the
balance that has been considered becomes important.
Most of the total energy needs and related
delivered energy of the houses is expressed in primary
energy [kWhe,/m?year]. However, this is not always the
case. The energy needs of the Karuna House are for
instance, are expressed in [kWh/year] without
mentioning the floor area that is considered, nor whether
system losses are included. Furthermore, it is in most
cases not clear whether the indicated energy refers to
primary energy (sometimes explicitly expressed as
[kWhpe/m?year]), or secondary energy. For the
conversion of the energy needs into primary energy,
national conversion factors,
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Table 1: Abbreviations
G Condensing gas boiler
Wi Wind energy
HY Hydrogen
Wo Wood burning stove
P Pellet boiler
D District Heating
A Ambiguous
ND Not Documented
H Heat
E Electricity
\% Virtual
XM Included in "Plug loads"
X Cooling loads are 0kWh/m?year
X® Not part of the total energy needs
X® Auxiliary energy is included
X® Pumps and automation are included
X©® These energy needs are included in "heating"
XM Natural/nocturnal ventilation, 0kWh/m?year

(**) Expressed in primary energy [kWh,,/m?year]
or [kWh/m?year] in case ambiguously communicated
or no data for primary energy available.

*) Energy explicitly expressed as primary energy
[kWhe,/m?year]

or Primary Energy Factors (PEF) are used. These factors
are based on a number of pre-defined variables to reflect
reality, which may be based on regional or national
weighted averages or a specific on-site production value
[48], including geographical boundaries for calculation,
export and import of energy, efficiency and heat
production and the time dimension [49]. Different
calculation methods to determine the conversion factor
exist, resulting in a varying choice of parameters that
influence the size of the conversion factor [50,51]. In
many cases, the calculation method for the determination
of the conversion factors are not given, although it has
an important impact on it. Without knowledge about the
calculation method of the conversion factor, or whether
the considered energy is primary or final energy and
whether system losses are included, the comparison
between the cases may lead to erroneous outcomes
[48,51]. The connection between the energy use and
carbon emissions is not reflected by the PEFs [49]. The
same applies to supply security and prices. These factors
are, however, important aspects of energy policies [48].
The reliability of primary energy consumption for the
HEPBs is thereby undermined, which reduces the
consistency between the definitions of these buildings.
Furthermore, current PEFs may give an advantage to
fossil technology, which leads to an encouragement of
the use of fossil fuels [49].

Transparency between the HEPB projects is
needed, including clarity on the methodologies that are
used to assess the buildings energy performance. This is
confirmed by [1,48] among others. Garcia et al. [7]
suggested to base the determination of the HEPB-level
on relative targets, rather than fixed maximum values for
primary energy needs or delivered energy, in order to
obtain an outcome that is most suitable for cross-country

comparison. In this manner, the impact of the local
conditions and additional parameters are introduced
along with the primary energy needs.

3.2 Balance of the metric

The balance of the metric can either be found by
summing the various end-uses, or carbon emissions. The
total energy needs are, in this article, defined as the sum
of the considered end-uses of the building, whereas the
reported delivered energy is obtained by the difference
between the total energy needs that are provided by non-
renewable energy sources on the one hand, and the total
amount of local renewable energy on the other hand, in
accordance with the guidelines accompanying the EPBD
directive [10]. If the latter is a positive number and close
to zero, the building is almost energy neutral, or ‘nearly
zero energy’ and still needs the energy grid (also called
hinterland). If this number is zero, the building is energy
neutral on annual basis and can therefore be categorized
under ‘net zero energy building’. A negative number
indicates a ‘net positive energy’ building whose absolute
value is the amount of energy put on the grid on an
annual basis and is not consumed on-site. The zero
energy balance is often ambiguous and inconsistent
because of differences in calculation methods and the
way boundaries are set [7]. The low carbon emission
buildings are referred to as buildings that produce nearly
enough, enough or an excess of CO»-free energy to
supply themselves with energy on annual basis. If the
operation of a building results in a nearly neutral, neutral
or beyond neutral balanced carbon footprint at the end of
the building lifetime, it contributes to climate protection
[28] and is categorized under respectively ‘nearly neutral
carbon footprint’, ‘neutral carbon footprint’ or ‘positive
carbon footprint’.

3.2.1 End-uses

The exemplary cases show that boundaries for the
regulated energy or end-uses to comply with the national
definitions for HEPBs, vary across different countries
and groups, which has been confirmed by [2,3]. The
main categories mentioned in literature are heating,
cooling, DHW, ventilation, lighting, plug loads and
embodied energy [3,5,52].

In many cases, cooling loads, plug loads, embodied
energy and electrical mobility are excluded from the
end-uses. In general, heating loads, analysed in this
paper are accounted for in almost all cases, except for
Maison des Yvelines-Nubain Vault in Senegal, where no
heating is needed. For the Roma Norte passive house
information lacks regarding cooling and heating loads.
For Maison Doisy, ECOsil, EcoHouse and the House in
Oraczewice, cooling loads are stated to be 0 kWh/m?year
(X®@) by the authors. Though, it was not clear whether
this was caused by the absence of cooling devices or
absence of data about the cooling loads. Domestic Hot
Water (DHW) loads are in most cases considered.
Exceptions are the cases in which the end-uses for DHW
is ambiguous or not communicated. In some cases
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certain end-uses, as for instance ventilation loads, are
included in other end-use categories (e.g. plug loads, or
heating loads). Moreover, at a more detailed level, it is
not always clear which specific loads belong to each
category. When determining the ventilation demand, for
example, the associated automation is not always taken
into account, which makes it difficult to compare all
cases and draw solid conclusions from them. Auxiliary
energy loads are often not mentioned. However, this
end-use category affects the total energy needs and
amount of delivered energy. Moreover, sometimes the
energy generated by RES, is already subtracted from the
total final end-uses, without mentioning the considered
end-uses and the related total energy needs of the
building. This is, for example, the case with the public
information on the EnerPHit Retrofit in Dublin.
Therefore, no conclusions can be drawn regarding the
end-use categories and percentage of RES.

In older definitions, the only end-uses that are
considered are heating and domestic hot water [19].
Presently, end-uses mainly include HVAC, lighting and
domestic hot water [3], which is in accordance with the
dataset analysed in this paper. Nearly all EU countries do
not include plug loads in building energy calculations
since they are not considered permanent in the building
[2]. Almost all definitions exclude embodied energy,
energy that is required for the manufacturing,
maintenance and demolition of the building components
[19], which is reflected in the selected cases. One of the
reasons for covering operational energy only and
excluding embodied energy is the absence of an accurate
method to calculate the embodied energy [53]. The
article by Liu et al. [3] states that the end-uses usually
consider the energy consumption during the operating
time of the building. In the Efficiency House Plus with
E-mobility, e-mobility is applied for peak shaving, load
shifting and reduction of annual energy usage. By
introducing this extra end-use category, the energy needs
and total delivered energy are affected, while neglecting
the advantages regarding the increased energy flexibility.
In a summery by Musall et al. [54], based on research
under the scope of the IEA SHC Task 40, future options
for electric mobility are mentioned as a concept related
to on-site generated electricity. The combined
integration of RES and plug-in electrical vehicles
(PEVs) in microgrids is becoming increasingly popular
[55], hence their relevance in the end-use categories.

In some cases, embodied energy is considered in
the calculation of the end-uses of HEPBs in other cases,
this is neglected. The irregularity regarding the inclusion
or non-inclusion of embodied energy in the assessment
of HEPBs is recognized, e.g. in [10]. Panagiotis et al.
[56] states that the share of embodied energy, or grey
energy, for HEPB is becoming more important and in
some cases already amounts to 74% to 100% of the total
energy. Energy efficiency legislation often takes into
account the effect of the operational phase of the
building, while ignoring the impact of embodied energy
on the balance of the metric during the life cycle of the
building. It is concluded that the total energy needs and
amount of delivered energy of the buildings are not
comparable if the end-uses that are considered are

different. To overcome this, it is advised to quantify each
category of end-uses. This way, the sum of the matching
categories can be compared.

Metering the energy data of a building allows for an
efficient collection of information regarding the building
energy needs (peaks, medians, extreme values or outliers
and seasonal variations) [57]. Building energy models
can be used to predict the energy needs and therefore
also delivered energy of a building without the need for
experimentation. However, the accuracy of the predicted
energy use, the HVAC, renewable energy systems and
the occupant’s behaviour needs to be improved in many
cases [58]. These models can be calibrated to increase
the accuracy by means of the widespread environmental
and energy monitoring equipment [57]. In many cases,
it is not stated whether the total energy needs and related
delivered energy are based on either measured or
calculated data. In order to give an idea about the
accuracy of the energy data, a distinction is made
between metered and calculated energy data.

Some buildings are designed as net zero energy
buildings. However, in reality, they may not achieve the
net zero energy level every year [59]. Therefore, the
category to which a building belongs, if solely based on
metered energy data, depends on the given year, which
itself depends on weather conditions, conditions of the
building, user behaviour, etc. This is a disadvantage of
metered energy data. In many cases, the energy needs
are based on measurements only, conducted in a certain
year. This limits the conclusions that can be drawn from
them. By simulating the energy needs of the building,
based on an exemplary year, this issue can be overcome.

3.2.2 Time dimension

A building can generate enough and sometimes even
more renewable energy during its lifetime to cover the
total energy needs. Other building owners aim at an
energy or carbon neutral level at any time, month or
year. This scope may, however, not be clear without
specifying the time during which the metric is balanced.
Therefore, the time dimension is defined, distinguishing
between a momentary, monthly, annual or lifespan
balance. Based on the selected examples, it is concluded
that many HEPBs consider annual generated energy,
while only a few take time dependency into account. In
the US State of California for instance, time dependency
is evaluated as a significant factor. This way, benefits of
on-site renewable energy production during peak
demand hours in a neighbourhood or distribution
network become more important. The disadvantages of
the intermittent energy production of, for instance, PV-
panels [60], are therefore considered as well.

3.3 Energy savings

3.3.1 Energy efficiency measures

According to Panagiotidou et al. [19], the core of the
definition of HEPBs is a minimalization of the building
energy consumption by means of energy efficiency
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measures. Passive approaches are usually the first steps
in a HEPB design. Some projects, such as Maison des
Yvelines-Nubian Vault, can already reach the net zero or
nearly zero energy level without needing to apply RES
and a control system, which has also been described for
other cases in projects, such as [5]. In case the passive
approaches are insufficient to reach this HEPB level, the
residual energy is to a large extend or completely met by
RES. The order in which efficiency measures are applied
has an influence on the cost-effectiveness of these
measures. Energy efficiency measures for renovation are
for instance often less expensive measures initially.
However, at a certain point, carbon emission reduction
measures become more economical to add than a further
improvement of the energy efficiency measures. By
combining the energy efficiency measures with the use
of renewable energy, the depth of the renovation works
that are needed can be reduced [61].

Information regarding the energy efficiency
measures that have been applied, sometimes lacks. In the
Okofen building and the hydrogen house, for instance,
no information is provided regarding the energy
efficiency measures on the building envelope. The net
zero energy level is therefore possibly obtained by
providing local renewable energy production and energy
storage solely, without improving the energy efficiency
of the building envelope in the first place. For other
buildings, the embodied energy is not calculated as part
of the total energy needs of the building, despite the fact
that attention is paid to the embodied energy for the
selection of construction materials. Readers may
mistakenly think no effort has been made regarding the
reduction of embodied energy in buildings. Furthermore,
a reduction in the energy requirements for the operation
of the building is strongly linked to the control systems
and the performance of integrated active and passive
building systems [62]. It is therefore suggested to specify
whether energy efficiency measures are applied and if
attention is paid to the embodied energy of the
construction materials and systems.

3.3.2RES

The main concept of the HEPB is its independence of
fossil fuels. As a consequence, dependence on renewable
energy production by RES increases[63]. Not all local
renewable energy and storage solutions are accounted
for in the calculations of the energy consumption in
every economic unit or country [2,7,64], while they are
sometimes applied on exemplary cases. Information
regarding the RES of the collected HEPBs was gathered
in the matrix. A distinction is made between heat and/or
electricity production.

In most cases, PV panels, and/or solar collectors
and/or a heat pump are applied, similar to previous
research e.g. [52,65]. In some buildings, a wood burning
stove (Wo) is provided for extreme conditions when
other RES are not sufficient. A wood-burning stove can
be considered as a low-carbon technology when fuelled
by local residual biomass to meet remaining heat
demands during the coldest periods [66]. In other cases,

a condensing pellet boiler is installed. In both scenarios,
biomass is used as local RES. The CO; that is being
captured in the biomass is returned to the atmosphere
through combustion, resulting in a net zero increase in
CO,. However, the life cycle analysis in respect to the
COs-emissions is what defines the actual carbon
footprint of the biomass as a combustible and depends
largely on the physical boundaries of the considered
case. It was for instance not always specified whether the
biomass is renewed. The origin of the biomass may be
on-site or off-site. In case it is off-site, the transportation
radius becomes important, having an impact on the
primary energy that is related to the energy source. In
case the harvest, transport, production process and
delivery to the house of the biomass is taken into
account, this process cannot always be seen as carbon
neutral anymore [67]. The combustion technology and
automation for the renewable energy production by
means of biomass also have an important impact on the
energetic efficiency of the renewable energy production
[66,68]. By specifying these techniques in more detail,
more robust conclusions can be drawn regarding the
HEPB-level of the building relative to other HEPBs. The
same applies to all other RES, such as PV-panels, solar
collectors, heat pumps etc.

According to Torcellini et al. [60], an indication of
the supply side of RES is needed, for which two options
exist: either on-site or off-site supply [63]. According to
Lausten [20], a building that is off-grid, does not require
a connection to the grid in general, only as backup.
These buildings are self-sufficient as they have the
capacity to produce energy and store energy for night-
time or winter use. On-site refers to energy production in
and on the building and the plot belonging to the
building, all others are considered as off-site, including
district heating. Controversy exists about the physical
boundaries for the definition of on-site and off-site
energy production. In only one out of 30 cases, wind is
harnessed. If the windmill is located in the garden, men
can argue about whether this can still be considered as
on-site or should this be categorized as off-site. In many
other cases the RES are complemented by means of off-
site energy. In some cases, a condensing gas boiler (G) is
used as a system for the provision of additional heat. In
Maison Doisy, it is for instance complemented with a
heat pump. Another example is EcoSil, in which the
solar thermal collector and a heat recovery system are
complemented with a gas boiler. The extraction of
natural gas for the supply of the gas boiler is not
renewable. In other cases, district heating (DH) is seen
as a source of renewable energy. The grid that supplies
the additional energy, or hinterland, not only refers to the
electricity grid, but also to heat and cold carriers (such as
a district heating networks) plus any other energy carrier
(such as biomass, biogas, syngas) [69]. The hinterland
can either supply non-renewable energy, renewable
energy or energy that would normally go to waste. In
this perspective, the physical boundaries of the system
become important. The HEPB and the source of the
district heating can for instance be considered within a
Positive Energy District (PEDs) [69,70], and therefore
considering the district heating as on-site energy
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production. Controversy exists about extent to which the
latter is renewable. One should ask themselves whether
the district heating can be considered to be renewable
energy production. In conclusion, physical or system
boundaries are once more suggested as an important
parameter for the definition of HEPBs and a more
complete set of generally acceptable renewable energy
production sources may need to be specified.

3.3.3 Energy storage

In 77% of the selected cases, non-seasonal energy
storage is provided, whereas seasonal energy storage is
applied in 7% of the selected cases. Many buildings use
the energy grid to cover for energy surpluses and
shortcomings, resulting in peak shaving, load shifting
and reduction of annual energy usage, increasing the
energy flexibility of the building stock. The efficiency of
the storage techniques has an impact on the self-
sufficiency level of the buildings and therefore, may
need specification. In both Alphenchic and Hydrogen
House hydrogen fuel cells are used to store energy. The
difference between both is the efficiency of the system.
In Alphenchic, hydrogen is used to produce solely
electricity, losing waste heat, whereas heat has been
harnessed in the Hydrogen House [39]. This difference
stresses the additional need for a distinction between
heat and electricity storage. Some HEPBs make use of
virtual energy storage (V). The latter refers to the
application of an energy storage management systems to
increase the efficiency of the single storage devices [71].
Generally it is concluded that energy storage has an
influence on the general efficiency of the complete
energy system in a building, therefore also total energy
needs of a building and the level of self-sufficiency of
the building. Furthermore, mapping energy storage,
leads to an increased knowledge on the progress
regarding energy flexibility of the building stock.

3.3.4 Co-benefits

Previous studies argue that many other benefits exist
besides the energy benefits, also referred to as the co-
benefits or non-energetic benefits (NEBs), related to
energy efficiency measures. These benefits lead to the
overall quality of the building, the users well-being and
economic benefits [72]. In HEPBs, for which energy
efficiency measures are provided, and therefore tend to
be well-insulated and airtight, the indoor climate
becomes more important and therefore, the control of the
comfort should be more stressed [13]. Furthermore, by
leaving out heating and cooling installations, nor
installations for DHW in the building design, the total
energy needs of the building decreases, yet comfort
decreases as well, which results in a distinction between
for instance Maison des Yvelines-Nubian Vault and the
other cases.

3.4 Additional information

Garcia et al. [7,65] stated that the climate conditions are
one of the main parameters that have an influence on the
cross-country comparison on HEPBs. This parameter
came also forward in the above mentioned projects.
Therefore, a column that describes the location of the
buildings is introduced to provide insights on how the
real exemplary project may or may not vary from the
country specific regulations in future research.

The large investments that are needed for the
HEPB: is still a big obstacle for the commercialization
of these buildings. Therefore, the application of HEPBs
depends heavily on economics and prices in a country
[5]. In some projects, information is provided regarding
investment costs and subsidies [17,37,73,74], however,
this is not the case for all projects.

3.5 Conclusions

By gathering the various international case-studies, it can
be concluded that the application of the definitions of
(n)ZEBs in practice is inconsistent. The template that has
been developed for the categorisation of selected
examples of HEPBs is very detailed. Some projects do
not provide all information that is required for the
template. This is consistently indicated in the template as
“ND” or not documented. In some cases, the information
may be ambiguous, only providing limited and
incomplete information. Most exemplary cases can be
found in Canada, the U.S, Europe, Asia, Australia and
New-Zeeland, lacking exemplary buildings in other
continents. An increased amount of exemplary cases
leads to a more elaborated matrix and the distinction of
new subcategories, introducing more detail to the various
categories.

4 Conclusions and recommendations

Definitions and requirements for HEPBs are still very
generic and not yet standardized across the world,
resulting in difficulties in comparing these type of
buildings between nations, groups and economies.
Without establishing a robust framework for the
definition of HEPBs, the uncertainties in design,
operation and evaluation of these buildings will remain
problematic for the comparability between HEPBs. By
selecting exemplary cases, insights regarding the
definition and comparability between cases can be
obtained. Based on literature, core indicators are
extracted for the collection of selected examples of
HEPBs. The resulting developed spreadsheet template
consists of KPIs, describing the location, perceived label,
various end-uses that are taken into account, annual
energy needs, way in which the annual energy is
verified, time dimension, system boundaries, renewable
energy, energy storage, whether efficiency measures are
taken, whether attention is paid regarding the embodied
energy and if the building provides comfort. Based on
the experience that is retrieved by collecting exemplary
HEPBs, it is concluded that the issues regarding the
compatibility between HEPBs are mainly located in
three dimensions:
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eSpatial dimension or system boundaries for: (i)
end-use (ii) locally renewable energy
production (heat and or electricity) (iii)
sometimes energy storage (seasonal or non-
seasonable) (iii) system efficiency measures

oTime dimension: during which period is the
building and its systems balanced, e.g. over the
lifespan of the building, yearly, monthly or
momentary.

eEnd-use dimension or regulated energy: the
selection of the end-uses that are included or
excluded for the calculation of the total energy
needs of the buildings (heating, cooling, DHW,
ventilation, lighting, plug loads, embodied
energy and electrical mobility, related annual
energy needs and how this is verified)

It is suggested that, when developing a taxonomy,
special attention is paid to these dimensions. Based on
the dimensions, a set of consistent HEPB-related terms
can be set up by means of a robust framework. A
database for international HEPBs, based on a worldwide
harmonized framework with open access, can encourage
a correct implementation of the building requirements
per category. Examples of such databases can be found
in [8,44,47]. Recognitions and awards can either adjust
to the used terminology to comply with the above
mentioned set of terms for HEPB-related buildings, or an
overview can be made of the awards and recognitions
around the world within the a common framework for
definitions worldwide. As stated by [2], the requirements
and applications of HEPB-philosophy is under constant
evolution. Finally, this cross-country database would
also allow to represent a HEPB learning curve, the
relative penetration of the building stock and the
development of information during the design process
for relevant stakeholders (architects, project developers,
building owners and manufacturers).
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