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Abstract: Buildings account for 36% of the final energy demand and 39% of CO, emissions worldwide.
Targets for increasing the energy efficiency of buildings and reducing building related emissions
is an important part of the energy policy to reach the Paris agreement within the United Nations
Framework Convention on Climate Change. While nearly zero energy buildings are the new norm
in the EU, the research is advancing towards positive energy buildings, which contribute to the
surrounding community by providing emission-free energy. This paper suggests a definition for
positive energy building and presents the framework, elements, and challenges of the concept. Ina
positive energy building, the annual renewable energy production in the building site exceeds the
energy demand of the building. This increases two-way interactions with energy grids, requiring a
broader approach compared to zero energy buildings. The role of energy flexibility grows when the
share of fluctuating renewable energy increases. The presented framework is designed with balancing
two important perspectives: technical and user-centric approaches. It can be accommodated to
different operational conditions, regulations, and climates. Potential challenges and opportunities
are also discussed, such as the present issues in the building’s balancing boundary, electric vehicle
integration, and smart readiness indicators.

Keywords: positive energy building; PEB; energy balance; increasing share of renewables; occupants’
well-being; socio-technical framework; user engagement

1. Introduction

Positive energy buildings can have a significant contribution to the efforts for mitigat-
ing climate change, by providing also the surrounding community with renewable energy,
while ensuring a good living and working environment for its own occupants.

1.1. Building Sector’s Contribution to Decarbonisation Goals

In our attempt to reach decarbonization and climate change mitigation goals, we
need to look for all potential means, preferably starting from the most effective ones. The
building sector accounted for 36% of final energy demand and 39% of energy -related
carbon dioxide (CO,) emissions in 2018 [1]. Hence, improving the energy efficiency of
buildings and reducing related CO, emissions is one of the energy and climate strategy
spearheads when targeting to mitigate climate change [2]. In the EU, this challenge is
addressed among others in the European Commission’s Energy Performance of Buildings
Directive (EPBD), which regulates that all new buildings in EU countries need to be
nearly zero energy buildings (NZEBs) by the end of 2020 [3]. European Commission
has defined NZEB as “a building that has a very high energy performance”, in which
“the nearly zero or very low amount of energy required should be covered to a very
significant extent by energy from renewable sources, including energy from renewable
sources produced on-site or nearby” [3]. However, each EU country has its own definition
for NZEBs, which consider the local operating environment and climate [4]. This results in
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varying practices in realizing NZEBs among EU countries. The variety is even bigger when
considering worldwide views on zero-energy buildings, e.g., the definition by the U.S.
Department of Energy, according to which NZEB is “an energy-efficient building where the
annual delivered energy is less than or equal to the on-site renewable exported energy” [5].
Although these definitions may seem very similar at first sight, a deeper analysis reveals
that they include different terminology and boundary conditions.

While nearly zero energy buildings are the new normal in the EU, both the policy and
the research continues to search for the next potential improvement steps. The European
Strategic Energy Technology Plan (SET-Plan) targets to spur the development and deploy-
ment of low-carbon technologies [6], and the European Green Deal strives for Europe to be
the first climate-neutral continent [7].

One of the next steps has involved the introduction of net-zero energy building (Net-
ZEB), which has been widely addressed in recent literature and research work. The IEA
SHC Task 40/EBC Annex 52 “Towards Net Zero Energy Solar Buildings” contributed
significantly to defining net-zero energy buildings [8]. Sartori, Napolitano, and Voss [9]
point out that the definitions for net-zero energy buildings also vary whether a building is
connected to the energy grid or operates autonomously [9]. Cabeza and Chafer carried out
a thorough review of technological options and strategies towards zero energy buildings
contributing to climate change mitigation [10]. Butera underlines the importance of inte-
grated design, load matching, and occupants’ behavior in zero energy buildings [11]. Fast
emerging ICT technologies create new options for better energy balancing, peak power
reduction, enabling buildings and local energy assets to participate as virtual power plants
through aggregators to the electricity markets. Better utilization and management of energy
flexibility in buildings can create financial benefits for building owners and users [12].

These developments, when combined, lead to new possibilities for more sustainable
and efficient buildings, and the introduction of positive energy buildings (PEBs) as the next
phase. NetZEBs and PEBs are already widely under research, and a variety of examples
is already emerging [13]. They mostly use similar technologies as NZEBs, but with an
increased amount of different renewable energy production technologies integrated into
the same building. As for the NZEBs, good energy efficiency should be a requirement also
for the PEBs.

1.2. Other Benefits and Effects of PEB

The increased share of renewable energy produced in buildings targets to reduce the
CO; emissions, and in this, PEBs have better possibilities to support the whole energy
grid to be operated in a less polluting way through advanced energy balancing and by
reducing peak power demands. PEBs can play a role in the paradigm shift foreseen in the
development of low carbon energy systems [14] if buildings would start actively interacting
with the grid to optimize the energy balancing, use of different energy sources, and energy
storage. The flexibility offered by PEBs could also reduce or delay the needed investments
in energy grids due to improved balancing and local supply, resulting in less need for
transfer capacity. When designing the PEB and its control strategies, a decision needs to
be taken if the PEB is primarily supporting the grid or striving for self-sufficiency. The
business models are completely different for these two cases.

The need for better integration and management of the building’s energy system in
relation to the connected energy grids brings both benefits and negative impacts to the
energy grid and local energy system. The main difference between NetZEBs and PEBs
is that NetZEBs could theoretically operate independently without the grid connection,
assuming that the energy balancing is not an issue even in short time steps. The integration
of NetZEB or NZEB with the grid has not been widely discussed, because it has not been
so relevant. In PEBs, the grid connection is essential, as the building operates towards the
grid as a prosumer (PROducer and conSUMER).

The users’ interaction and occupant behavior can have an important role in the overall
energy performance of zero energy buildings [10,11]. Recently, the European Commission’s
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Clean Energy for All Europeans Package also confirmed the crucial role of prosumers and
their collective forms (energy communities) in the future energy system [15]. In PEBs, the
role of users is even more advocated, as it has important effects on the flexibility that is
available in the energy system.

Both NetZEB and PEB concepts increase the resilience of the building, thanks to the
local renewable energy supply. Backup support, storage, and grid support enable to avoid
and compensate blackouts and other grid failure situations. This would facilitate support
of the building for a few days until the fault is resolved and normal operation of the energy
system is restored.

It should be noted that the aim is not to transform all buildings into PEBs. The building
stock transforms slowly over decades. Around 1% of new buildings annually either expand
the building stock or replace the old building stock, and the current renovation rate is 1-2%
per year in the EU [16]. The majority of the building stock will be old and inefficient still
for quite some time, meaning that it is not foreseen that every building would be a PEB,
but instead, PEBs are supporting to increase the share of renewable energy production in
built environments, and to balance the local energy grids. While the main aim of NZEB
and NetZEB is to limit the (non-renewable) energy demand of the building itself, the aim
of PEB is to contribute to the surrounding built environment with zero-emission energy.

1.3. PEB—An Emerging Concept

A Scopus search showed that ‘zero energy building” appeared around 2988 times,
while the term ‘positive energy building’ appeared less than 70 times till August 2021 [17].
Most of the articles listed by the Scopus search are review articles and do not provide or
propose a structured definition and framework on PEB that can act as a basis to build such
buildings in European climatic zones. Few articles are discussing PEB for one region or
country-specific situation, but again they are not defining the concept itself, rather just
using the NetZEB concept or extending the NetZEB concept to measure or calculate the
building energy systems performance, etc., specific to one country. There are no studies
that provide a holistic or a broad PEB definition framework that extends the present NZEB
that is applicable in different climatic zones of Europe. This shows that the term ‘PEB’
is still novel and needs to be defined to provide the basis and perspective. In order to
facilitate the wide roll-out of PEBs, it is important to have a common understanding of the
concept.

In this paper, the authors attempt to give a detailed definition of PEB, first exploring
the terminology used for the definition of NetZEB and PEB concepts (Section 2), and
then discussing the technical framework to be used for the PEB definition (in Section 3).
Additionally, social and human-centric elements, which are not widely discussed in the
literature referring to NZEBs and NetZEBs, but should be taken into account, are suggested
in Section 4. A definition for PEB has been suggested in the context of the EXCESS project
(an EU-funded research and demonstration project ongoing from 2020 until 2023 [18]), after
a literature review and a thorough discussion by a team of experts in the field of energy-
efficient buildings and renewable energy solutions [19]. The discussion was realized as a
series of structured workshops and iterative telcos in order to clarify the key aspects to be
addressed in the definition and exact formulations for those. This definition is presented in
Section 5 as an example of the result when applying the framework in practice. Further
issues in the development of PEBs are discussed in Section 6.

2. Terminology and Elements of the PEB Definition

The literature does not provide a clear definition for a positive energy building (PEB),
but the NZEB and NetZEB definitions could be used as the basis for this. Sartori, Napoli-
tano, and Voss [9] suggest a framework for the definition of NetZEB, which contains many
relevant elements also for PEB definition. This chapter presents the terminology and the
elements most often referred to in the literature discussing the NetZEB or PEB concepts,
and some additional considerations concerning these aspects.
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2.1. Boundaries
2.1.1. Physical Boundary of a Building

The physical boundary of the building is usually set on the building lot, which covers
the site where the building is located, and where the on-site energy system is installed. It is
important to highlight where renewable energy technologies can be installed. In line with
the definition of the Energy community of Clean Energy Package [20], they can be placed
within the building lot in accordance with the revised Renewable Energy Directive [21].
Instead, the revised Electricity Market Directive [22] does not tie the renewable energy
technologies to the immediate proximity of the building lot.

PEB will have excess energy available, coming from the renewable energy systems
within the boundary. This excess energy can either be stored onsite within the boundary or
it can be sold to the grid outside the boundary. It is worth noticing that this energy has to
come from renewable sources in order to comply with the emission reduction targets.

2.1.2. Balancing Boundary of the Building and Demand

The balancing boundary of the building refers to the energy load and generation
elements of the building that are considered in the energy balance calculations. In the
definition presented in this article, the included energy loads are heating (including space
heating and domestic hot water), cooling, and electricity, including ventilation, fixed
lighting, plug loads, and also for common uses in case of an apartment building (such as
the lighting in common zones and elevators). The energy demand of wastewater treatment
and of electric vehicles (EVs) are excluded from the definition presented in this article, since
the infrastructure is nowadays most often separate from the building infrastructure [23].
The future prospects of EVs are further discussed in Section 6 below.

2.2. Exchange with Energy Grids and Naming of Energy Components
2.2.1. The Availability of Energy Grid

The energy grid refers to the supply channel or the medium through which energy
such as electricity, heating, cooling, gas, or fuel is transferred. The grid can be either one
way or two way. One way refers to the condition when energy is provided to the building,
e.g., from the electricity grid, district heating, and cooling networks or from a natural gas
network. The two-way grid refers to the channel that both provide energy to the building,
but can also receive energy back from the building to the grid [9]. A two-way grid is a
prerequisite for the positive energy balance of PEB. The two-way transfer of gas is currently
not a widely used option but may become more general with the increased uptake of
Power-to-Gas solutions.

2.2.2. Naming of Energy Components

Imported energy refers to the energy bought from the grid. This is the import of each
energy carrier to the building: heat from district heating, cooling from district cooling,
electricity, gas, fuels, etc. to the building site [9]. This is sometimes also called “delivered
energy” [9,24].

Exported energy refers to the energy transferred from the building site to the grid.
This is the export of each energy carrier: heating, cooling, and electricity (or even gas, as
mentioned above) [9].

Energy supply refers to the onsite energy conversion from different renewable sources
with technologies placed in/on the building or building site and technologies incorporated
within the building elements [19]. In the literature, this energy component is also referred
to as “generation” [9] or “production” [25]. The supply is specified for each energy carrier:
heating, cooling, and electricity (or even gas). The supply may not be equivalent to the
exported energy because it is partly used to cover the energy demand of the building.

Energy balance presents the relation of the energy supply and demand or import and
export of the energy carriers, over the period of a year, month, or hour; e.g., in the NetZEB
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concept, the weighted supply meets or exceeds the weighted demand over a year for each
energy carrier [9].

2.3. Additional Aspects for PEB Concept

Reflecting from the present state of the art of the NZEB and NetZEB concepts, follow-
ing are their main limitations when trying to apply them to PEB:

e  The economic and user-centric perspectives are usually not the main part of the NZEB
and NetZEB definition [3].

e  The other energy demands of the buildings, for instance for common spaces, elevators,
heat recovery, parking lot, or plug loads may not be considered in the calculation of
the energy demand of the building [26].

e  The NZEB concept does not often take into account the EV integration, although it
may have an impact on the final energy demand of the building [26].

e The positive energy balance is not the requirement of the NZEB, although it can affect
the grid and contribute to the reduction of emissions in the grid [3].

e Energy storage use on-site to improve self-sufficiency is usually not part of the NZEB
concept [3].

3. Technical Approach to PEB

The technical framework provides the basis to build the definition for PEB. Technical
criteria provide the ground to define, evaluate and compare different PEBs based on
technical characteristics. These described criteria and frameworks have different options.
The evaluation and the selection of the options become the methodology for developing
the PEB definition. The framework presented below is built based on the combination of
the literature review and discussions with experts from the EXCESS project (21 partners
from 8 countries developing showcases of PEBs in Europe [18]).

3.1. The PEB Concept

Figure 1 shows the overall concept of the PEB. It gives the picture in terms of technical
and social aspects. As the main purpose of a building is to support human activities in the
building and its surroundings with the least possible cost and minimize negative effects
on the environment, the economic, human, and social aspects must be considered in PEB
along with the technical issues. Figure 1 shows the interaction of the components and
grids, the building’s balancing boundary, and the energy flows. This chapter presents the
technical framework, while economic, human, and society-centric aspects are discussed in
Section 4.

Figure 1 reveals the complexity of the PEB concept in the current technical framework:
there are many different renewable technologies available, able to convert the energy from
the renewable source into heating, cooling, or electricity, and even into gas in the near
future. The availability of different two-way grids is also increasing rapidly, although
electricity is still the most convenient way for two-way transfer in the majority of buildings.
However there is a brisk development in the fields of two-way heating and cooling grids,
(also referred to as 5th generation district and cooling grids or 5GDHC) [27,28]. Storage
technologies are also increasing in terms of availability and variety, providing new op-
portunities for control strategies and business models [29,30]. The integration of electric
vehicles (EVs), especially vehicle-to-grid (V2G) applications brings yet another factor in
the equation. The key component however is the building itself: its ability to serve the
needs of the users with as low energy demand and low environmental effects as possible.
It requires energy-efficient building solutions, but also relevant control strategies and the
ability of the building and its systems to react to the control signals.
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Figure 1. The positive energy building concept, in terms of technical- and social-centric approaches.

3.1.1. Energy Efficiency in Positive Energy Buildings

A high level of energy efficiency is a core requirement of a PEB. The literature suggests
that implementing energy efficiency measures is the right way to achieve sustainable
buildings and zero energy buildings [31] and the Clean Energy for all Europeans com-
munication puts “energy efficiency first” [32]. These efficiency measures can be based on
local and regional guidelines and regulations. The envelope properties have to be defined
(e.g., U-values of roof, floor, walls, windows, doors, and airtightness) as well as minimum
performance requirements for other components such as HVAC systems (COP, fan power,
etc.).

The energy efficiency requirement in PEB can be based on cost optimality or a certain
efficiency target level compared to the state of the art or reference [33,34]. The cost opti-
mality target is part of the amended EPBD [3]. The efficiency target can also be set based
on a demand reduction (e.g., 50%) compared to the state-of-the-art building with similar
functionality.

3.1.2. Energy Supply from Renewable Sources

The PEB should have on-site renewable energy as the main energy source. In NetZEB,
the onsite renewable energy generation should cover at minimum the energy demand of a
building [35], but in a PEB, the requirement is to clearly exceed the demand.

In addition to simply requiring the use of a renewable source, different criteria can be
used for placing the renewable options into order-related priority, e.g., to the cost, the local
availability, or the suitability of the supplied energy towards the demand (heating, cooling,
or electricity), based on exergy analysis [36,37]. For the off-site options, these selection
criteria could also be related to the proximity of the renewable fuel source or the renewable
plant, and even investments to low- and zero-carbon energy projects off-site might be taken
into account (e.g., [38,39]).

3.2. Energy Balance in PEB

In positive energy building, the export of energy must be higher than the import
of energy, either overall or separately for each energy carrier. Energy balancing aims at
calculating the total import and export values of energy carriers in PEB.
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The balancing can be carried out hourly, annually, or over several years. Usually,
annual balance is considered as it can include seasonal variations [39]. In the PEB definition
presented in this article, the annual balance for operational energy is suggested. In addition,
the importance of life cycle assessment is mentioned (i.e., cradle to grave, discussed in
Section 4). The energy balance is relatively easy to simulate during the building design.
However, one challenge is how to define one year for assessing the performance of a PEB,
as the years can be very different, and this will require methodology for transferring the
operational energy values into a reference year. Moreover, it should be discussed how
will it be addressed if the building complies with PEB definition in one year according to
measurements, but not for the next two years, e.g., as a result of the weather conditions or
user behavior, in case the calculations are not based on standard use and reference year.
The standard use assumption should also give reasonable room for the user preferences,
e.g., regarding thermal comfort.

In general, different weighting factors are often used to balance the energy flow
for each energy carrier in PEB. The balancing can be carried out in many ways such as
comparing renewable supply and energy demand during the year or import and export
of energy to and from the grid during the year [9]. Each method has certain benefits
and drawbacks. For instance, the demand and supply calculation is easier to apply and
therefore widely used. It can be assessed by calculating or measuring the total annual
demand of the building and then the total yearly supply onsite from renewable sources.
However, the total annual level analysis does not give any insights on the performance
during the year, e.g., at a monthly, weekly, or daily level. In addition, it can be valuable to
give attention to the grid exchange as well, by estimating the import and export of energy
via the grid. This kind of analysis requires, e.g., hourly values of the demand, supply,
export, and import of energy for each energy carrier.

3.3. Energy Matching and Grid Interaction

It is worth noticing that all energy conversion, transport, and storage processes always
induce losses, and consequently, additional costs and emissions, be it on the building
site or on the grid level. Therefore, in addition to the annual energy balance between the
demand and supply in PEB, the short-term matching of the demand and supply must be
met primarily from renewable energy. Energy matching shows how well the on-site supply
and demand are correlating in terms of timing. The short-term mismatch has to be met
by an external grid or by the onsite storage. If the aim is high self-sufficiency, priority
should be given to the onsite storage to meet the short-term mismatch. In any case, the
negative impacts to the grid need to be minimized. In the PEB definition presented in
this article, this was assured by including in the core definition the requirements of high
self-consumption rate and high energy flexibility.

Additional performance indicators for energy matching can be defined to calculate
the performance of the PEB. Many such indicators are discussed in detail in the EcxEED
project [40] and also presented by IEA SHC Task 40/EBC Annex 52 “Towards Net Zero
Energy Solar Buildings” [41]. These indicators provide basic information on the self-
sufficiency level of the PEB and how well it is able to meet the onsite demand via renewables.
In order to estimate these indicators, annual measurement with the minimum hourly
resolution is needed. The choice of the indicators may also affect the design choices: you
will get what you measure.

3.4. Flexibility of the Building as Support to the Energy Grid

Another target for a PEB can be to maximize the support for the grid, provided by
the flexibility in the PEB. In this case, the PEB uses mainly its own RE but provides RE
to the grid during periods when there is not enough RE available in the grid to cover the
needs, as well as to offer a possibility to shift the demand on the PEB side or export the
energy available from the on-site storage. Optionally, PEB can also import extra RE from
the grid to the local storage in order to avoid the curtailment of renewable electricity. The
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grid support can be provided with the same flexibility that is also useful for optimizing the
energy flows in the PEB itself.

Additional means to utilize the flexibility of the PEB beyond the NetZEB and NZEB
concepts include maximizing the export of energy from the onsite generation without
storage integration. Another approach would look into the matching capability of the
onsite generated energy and building integrated energy storage, targeting to achieve higher
self-sufficiency and maximize the self-consumption of the onsite generated renewable
energy. Further means for increasing the use of the flexibility of a PEB are discussed in
IEA EBC Annex 67 [42], including demand response, load shifting, heat pump, and tank
storage combination, energy cost-based demand shifting, and renewable generation-based
demand shifting.

3.5. The Function, Space Use, and Usage Schedules in a Building

The purpose and the function of the building are also relevant for the definition, as
these affect the required space use, indoor conditions, and the level of comfort. Buildings
for public spaces, sports activities, schools, residences, offices, or hospitals have different
requirements. The space use specifies how the space is being distributed among the users.
In addition, the schedule of use is important for the balancing of energy demand and
supply. Building purpose and use schedule can strongly affect the people density and how
the peak hours and the peak demand occur in the building and how these relate to the
availability of renewable energy. In addition, climatic conditions have to be identified to
get a reference for the energy demand of the building.

3.6. Mobility and Electrical Vehicles in Relation to PEBs

Another factor that has been discussed in relation to the PEB framework is the integra-
tion of mobility in the buildings. The transport and mobility sector contribute to 27% of
the emissions in Europe [43]. Therefore, many cities are developing policies and plans to
reduce the emissions caused by mobility especially by fossil fuel-based transport [44,45].
The plan is to shift towards more electrified transport as they have lower operating emis-
sions during their life cycle, provided that the electricity is generated from renewable
sources [46]. The amount of electric vehicles is increasing rapidly: from 2 million electric
vehicles by 2017 [47] to over 5 million by 2018 [48], and is expected to reach up to 44 million
by 2030 [49]. Europe’s clean energy package suggests providing at least 10 charging points
in residential buildings [15].

Mobility has not been the focus of the concept of NetZEB. By integrating the EV with
the PEB in this definition framework, the suggested PEB concept would assist cities to
reduce their transport-related emissions. EV is included in the PEB definition to address the
future challenges and provide flexibility both at the technical and policy level to integrate
the energy demand of future mobility in the buildings.

An important aspect that must be considered with the integration of EV in the building
is its impact on the total energy demand of the building, i.e., the place of the EV in the
building boundary. If the building is importing more energy from the grid to meet the
EV’s demand, this would have an impact on the overall energy performance of the PEB.
Although EV is considered as an environmentally friendly transport medium [47], its
impact on the building performance could be negative. The demand of the EV can also
be unpredictable and vary depending on the user’s behavior. This may lead a building
to have poor energy performance or may lead the building not to comply with the PEB
definition [50]. As PEB is considering future technologies and EVs in the context to broadly
solve the clean energy transition targets, therefore, it is important to define EV’s placement
in the PEB context. Moreover, the EV can be used as local storage to provide vehicle-to-
building integration and provide flexible options within PEB, if needed.
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4. Human and Society Centric Approach to PEB

In the NZEB and NetZEB concepts, most of the definitions [9,51,52] revolve around
the technical features and characteristics. However, buildings are places where people
spend most of their time [53]. Therefore, the human-centric approach is an integral part of
the PEB definition, ultimately contributing to an impact on society. In PEB definition and
framework, this approach is adopted to include the human and societal centric approach
along with the technical approach. Moreover, economic aspects are considered.

4.1. Indoor Environment Quality

In the PEB definition presented in this article, a high-quality indoor environment is
mentioned as an indispensable element in the PEB, securing the comfort and well-being of
building occupants. The focus in the indoor environment is usually not considered in the
NZEB concept [39], but merely considered as self-evident background.

The indoor environment quality (IEQ) includes the indoor air, thermal, acoustic, and
visual quality. These factors also influence the perception of each other: A good visual
environment improves thermal comfort and vice versa [54]. Indoor air quality requirement
sets certain limits for carbon dioxide, volatile organic compound concentration, and airflow.
Thermal comfort is affected by the air and radiant temperatures, their distribution, and
air-flow rates, in addition to the person-related physical and psychological parameters
(metabolism, clothing insulation, age, gender, personal history in relation to the thermal
environment, etc.) [55-59]. The other elements that have to be considered are, e.g., daylight
utilization and materials with good acoustic qualities. The comfort level of the users
depends on many factors such as climate, tradition, culture, and functionality of the
buildings [54,60].

User comfort is a primary objective for PEB and may not be compromised. This is a
crucial element in order to address the EU policy priorities [15], which place the consumer
at the heart of the energy system without compromising his comfort and the hygiene
of indoor environments. Improved indoor environment leads to a higher rate of users’
satisfaction based on their demand and behavior [61]. The indoor environment has a direct
impact on the well-being of the building user, and it can even affect productivity in working
environments [62,63]. Moreover, a certain level of control must be provided to the end-user
regarding the indoor environment. According to several studies this also, in turn, affects
the feeling of thermal comfort [64,65].

One thing highly likely to affect the thermal comfort of the building occupants in the
future is the urban heat island effect, which is a result of the combined effects of increas-
ing urbanization of the world population and global warming [66]. This phenomenon,
increasing the need for cooling, could even be exacerbated by more frequent heatwaves.
Therefore, in addition to limiting the cooling needs by sustainable design, it is important to
take into account the planning of the PEB that the design should also limit the contribution
to overheating of the urban environment. This could be achieved, e.g., by minimizing the
waste heat of the air conditioning systems, release of solar energy by absorption-convection
at the outer surfaces, and reflection towards the neighboring buildings.

4.2. User Engagement

Building users expect the building to communicate, react, and adapt to their require-
ments and needs in a flexible manner [67]. User engagement and acceptance have to
be the central point of the framework and definition [61]. With the help of the internet
and information and communication technology, the users can interact with the building
management systems based on their comfort and other requirements. The users should
have the means to communicate their preferences related for instance to temperature,
lighting, and scheduling of various appliances to support the flexibility of the energy
demand. These devices should have a user-friendly interface, through which the users can
control the building and energy systems, and also obtain various feedbacks for instance
on consumption profile, costs, saving of energy, air quality, conformance with standards,
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compliance of functionality to the user requirements, or emissions caused by certain se-
lections [68]. A minimum level of service should be included, with certain controls and
some level of feedback or reporting in a user-friendly way (e.g., gamification). The data
security and privacy of the users have to be ensured based on general data protection
regulations when users are sharing data, personalized selections, and interacting with the
devices (internet-of-things) [69].

Ideally, the users should of course be engaged already in the planning phase of the
PEB, in order to increase the user friendliness of the design. Some new ways are suggested
for realizing this, e.g., as part of regenerative design [70] or by utilizing artificial intelligence
(AI) as a tool in the design process [71]. The design phase, however, goes beyond the scope
of this article, which is limited to the core definition framework, essential terms, and
items that a definition has to include so that PEB’s core definition can be used in different
climatic zones and its performance can be compared. The issues related to the building
architecture, aesthetics, ICT, and user interface will be discussed in more detail in the
future work of the authors, in relation to the demonstration buildings in the project. The
guidelines formulated in the same project for local authorities also urge to include a wide
variety of stakeholders in the development of PEBs: building owners and users, but also
urban planners, architects, engineers and designers of energy companies, consultants,
landowners, water companies, and environmental protection agencies [72].

4.3. Life Cycle Emission Considerations in PEB

Buildings are responsible for 35% of the carbon emissions in Europe. The target is to
reduce the carbon emissions by 80% by 2050 in Europe [73], therefore, the emissions caused
by the building sector have to be addressed. The emissions of the PEB must be minimized
and the energy demand has to be as low as possible. CO, emissions reduction constitutes a
true benefit and even motivation for the further uptake in PEB technologies in the building
sector. PEB is expected to significantly reduce the CO, and other greenhouse gases and air
pollutants (CO, NOx, nanoparticle, non-combustible hydrocarbon) emissions related to
heating, cooling, and electricity demand of buildings.

The environmental impacts of PEBs should be evaluated with a life cycle analysis,
including the building material, technical installation of renewables, and the installation
of the energy efficiency measures in the buildings. This would allow considering the
emissions of the material and components of the buildings and renewables installed on
the building with a cradle to grave approach. This includes the emissions of the building
material and renewables during the installation, use, maintenance, and demolition [74].

The life cycle requirement is more difficult to achieve for an existing building being
renovated into PEB, as it has already used a lot of energy before the renovation [19].
The way to approach this issue should be developed when setting the Key Performance
Indicators (KPIs) for PEB. They could, e.g., be different for new and renovated buildings.

4.4. Economic Considerations in PEB

To reflect the whole picture, it is essential that the economic analysis of PEB focuses
on life cycle costs, instead of only investment costs. The return on investment, payback
period, and other economic KPIs should be identified for the PEB. The cost of energy
efficiency and renewable technologies and various measurement technologies supporting
the flexibility can be high, resulting in a longer payback period. On the other hand, the
increased energy savings, emission reduction, and user satisfaction should be considered in
the cost calculations. Moreover, with added value in the assets, it is expected that the value
of the property may also increase, resulting in economic benefit to the building owners,
investors, and city. Economic analysis can also consider the reduced risk of energy cost
increase thanks to high energy efficiency and self-consumption [75].

The profitability of PEBs can have challenges, as e.g., Karunathilake, Hewage, Brinker-
hoff, and Sadiq argue that reaching net-zero status at the building level is not feasible with
the current resource potential and economic conditions, even though significant reductions
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in both emissions and operational costs can be achieved with the hybrid renewable energy
system [76].

A viable business model should be developed for the PEB with revenue streams from
market transactions. The business model strongly affects the optimization strategies that are
applied in the PEB: these are very different if the target is high self-sufficiency or maximum
support to the grid or something else. The ownership of the business model and PEB will
also strongly affect the value proposition and revenue streams. To mention a couple of
very different options, the PEB business model could be owned, e.g., by a service provider,
offering a livable, environmentally friendly building for the occupants and support to the
grid operator, or by a local energy community targeting high self-sufficiency and offering
flexibility and renewable energy source for the grid operator.

5. Positive Energy Building Definition

A definition for positive energy building was developed as the first step in the EXCESS
project, based on a literature review described above, and extensive, structured discussions
between the partners in a series of workshops, telcos, and e-mail exchanges. This definition
is presented here as an example of the outcome of applying the framework presented
above, and the considerations of the EXCESS team related to these topics. The EXCESS
team consists of experts in the field of energy-efficient buildings and renewable energy
solutions, committed to developing working solutions for PEBs. A full description of the
process and the considerations of the individual aspects in relation to the literature is given
in [19].

EXCESS defines a positive energy building as “an energy efficient building that
produces more energy than it uses via renewable sources, with high self-consumption
rate and high energy flexibility, over a time span of one year. A high-quality indoor
environment is an essential element in the PEB, maintaining the comfort and well-being of
the building occupants. The PEB is also able to integrate the future technologies, such as
electric vehicles with the motivation to maximize the onsite consumption and also share
the surplus renewable energy” [19].

The following aspects are included in this PEB definition:

e  The EXCESS project considers mainly residential buildings, butlooks also at the role
of the building in a bigger context, especially through impact to the energy networks.
When assessing the building, the energy needs for other than residential activities,
e.g., commercial or public services are excluded, but the energy use for the shared
spaces is included.

e  The local generation includes the energy produced at the building lot, with tech-
nologies that are placed in/on the building or building site, as well as technologies
incorporated within the building elements.

e  The energy need components considered are electricity, heating and cooling. Heating
includes both space and water heating. Electricity covers the lighting, plug loads,
ventilation, and the electricity demands for the shared spaces such as the lighting in
common zones and elevators.

e  For renewables, the definition of renewable energy from the European RES (renewable
energy sources) directive is adopted, which defines it as “energy from renewable
non-fossil sources”, e.g., wind, solar, hydro, geothermal, or biomass [77].

e High self-consumption rate helps in minimizing both the emissions and the negative
impacts to the grid. Demand response and energy storage solutions can be used as
ways to increase the self-consumption rate.

e Indoor environment considers the elements of thermal, visual, and acoustic environ-
ment and indoor air quality.

e The life-cycle effects on costs and emissions should be taken into account in the
planning and analysis of PEB.

Figure 2 shows the focus of the PEB definition and the most important elements in
this context, based on the EXCESS partners” inputs and the literature review.
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Figure 2. The central elements in the positive energy building definition presented in this article [19].

There was a general agreement among the EXCESS consortium that the energy de-
mand of public spaces should also be included in the balance, e.g., public lighting and
elevators. It was also concluded that only residential uses should be included (as in this
definition the residential buildings are addressed) and EVs are considered only as an option
for future integration. The PEB was defined at the early phase of the project (in early 2020),
and the work continued further. The discussion still continues whether the plug loads
will be included since measuring them is quite difficult in a building where residents are
paying for their own energy bills. Yet, these measurements would be needed to verify if
the building meets the Key Performance Indicators (KPIs) for PEB. The definition of the
KPIs is the next step in the process. The PEB definition and KPIs will be verified through
four demonstrations in the EXCESS project.

6. Discussion

As the PEB is an emerging concept, some considerations for the appropriate indicators
and future developments are in place. The PEB definition suggests that several indicators
need to be developed, including energy, cost, and user friendliness or comfort. The
development of the indicators is the next step after the definition, but some aspects can
already be pointed out. Generally, the PEBs may meet the criteria at different levels. Other
aspects that need to be further discussed are the integration of EVs.

6.1. Primary Energy as Indicator

Primary energy factors represent the conversion efficiency of the energy from the
primary source to the secondary or delivered energy carrier to the end user. They are
widely used to convert the building energy demand into primary energy, which is later
used to evaluate the building energy indicatory performance as mentioned in the European
building performance directive (EPDB) [52]. The use of primary energy factors as indicators
for PEB is problematic because primary energy factors are set on a national level. They are
different in different countries, because the energy sources, the energy generation units,
and the distribution channels are different. Moreover, the status of the national energy
transition programs may have impacts on them. As a consequence, it is difficult to compare
the PEB performance internationally and to standardize such calculations especially in the
context of PEB.

The EPBD however regulates that the energy performance certificate needs to provide
information about “the actual impact of heating and cooling on the energy needs of the
building, on its primary energy consumption and its carbon dioxide emissions” [3]. For
a PEB, the CO, emissions would be a more suitable indicator, as the main reason for
promoting PEBs in relation to the energy source is their contribution to decarbonization of
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the energy system. (The other, non-energy source-related reasons are energy efficiency and
well-being of the user.)

6.2. Different Ways to Categorise Positive Energy Buildings

There could be different types of PEBs according to the boundary of the building in
the same style that is proposed by the European Energy Research Alliance (EERA) for
positive energy districts (PED) [78]. According to EERA, the PED can be divided into three
main categories based on the boundary, here applied to a building level:

1.  Autonomous PEB: A self-sufficient building, in which all energy demand, supply,
and storage components are within a defined building boundary. All the demand is
covered by on-site renewables. Energy is not imported from the external grid, but
excess energy can be exported to the grid.

2. Dynamic PEB: A building with a higher onsite renewable energy supply than the
demand within the defined building boundary. A building is interacting with the
grid and other buildings outside the boundary.

3. Virtual PEB: A building with virtual or no specific fixed boundary. The renewable
energy sources and storage can be located outside the geographical building boundary.
The onsite renewable energy and virtual generation sources should have a higher
combined supply than the energy demand of the building.

It is important to identify the PEB boundary at the initial stage. The identification
of the building’s boundary can be influenced by many factors such as the geography of
the city, the location of the building, local regulations, building type and construction, the
available energy infrastructure, market and financial model, environmental conditions, etc.

Another approach is suggested by Ala-Juusela et al. [19] for defining different levels
of PEBs, such as: (1) supply operational energy (basic PEB), (2) including EV charging (a
very good PEB), and (3) level depending on time balance: balance over a year or hourly
balance.

6.3. PEB as Energy Community

The definition presented in this article does not consider the ownership models of the
renewable systems or the charges applied to the energy transmission inside the building
site, although this is also very relevant for the applicable business model and the costs,
as mentioned earlier. This is addressed, e.g., in the ongoing discussion related to energy
communities. A recent publication by the Joint Research Centre made an overview of the
activities, organization, and implications of energy communities as participants across
the energy system [79], defining different forms of energy communities. Among them, it
is worth mentioning two forms: an energy community within a housing company and
an energy community crossing property boundaries. As for the first type, no network
charges apply for the energy, which is generated and consumed within the site boundaries,
if it does not cross the access point to the distribution network. This would be the most
probable type for a PEB in an apartment building. While for the second form, a mutual
electricity line across the involved sites” boundaries after the grid connection point would
be needed and therefore payment of network charges and tariffs might apply according to
general principles [79].

6.4. The Integration of EV's and Other Vehicles

The integration of vehicle-to-grid (V2G) EVs will change the grid interaction and the
effects of PEBs on the grids quite profoundly. One of the main aims of PEBs is to minimize
the negative effects to the grid and to reduce the need for transferring energy. If an EV is
charged at the building location and feeding in electricity in another location (V2G) or vice
versa, this does not require transfer capacity in the grid between these points. The use of
the EV for storing and transferring energy is likely to stay as a marginal option for now, as
it will affect the lifetime of the batteries in the EV, until new solutions start appearing for
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the electricity storage that can better resist the charging and discharging, and have better
storage efficiency.

Zhou, Cao, Hensen, and Lund systematically analyzed the energy integration and
interaction between buildings and vehicles regarding different energy forms, advanced
energy conversions, diversified energy storage systems, and hybrid grids’ interactions [80].
Their analysis goes beyond electric vehicles, as it also includes other types (gasoline and
gas or hydrogen-powered vehicles). They claim that a systematic interaction between the
building’s energy system and the transportation supports the energy systems to become
more robust, reliable, and flexible [80]. Efforts are still needed in developing incentives and
subsidies for vehicle owners for the depreciation of their vehicles when they participate in
renewable and sustainable energy sharing networks, as well as in the standardization of
interactive facilities [80]. The current challenges for the vehicle integration include the lack
of hybrid (biofuel, hydrogen, and electrical grids) energy networks to expand grid capacity,
static export costs, frequent grid power fluctuations, unpredictable schedule of vehicles,
synchronized peak load of buildings and vehicles, and the availability of charging facilities
and fuel stations [80].

6.5. PEB in Relation to Smart Readiness Indicator (SRI)

The EU has proposed to further develop and support the EPBD by establishing the
smart readiness indicators (SRI) [81] for the building stock. This would allow to rate the
buildings and, in particular, the PEB in terms of its smart readiness. The rating would
show the capacity of the buildings in terms of their readiness to adopt and integrate
future technologies such as electric vehicles, renewables, energy storage for flexibility and
demand-side management, etc. Similarly, this would also show the ability of the building
to adapt according to the occupant’s requirements, improve the energy efficiency and
optimize the systems, and adapt according to external signals for instance from the grid, to
improve the energy flexibility of the building. It is expected that the PEBs could have the
SRI scoring introduced, as PEBs should be able to adapt according to the surroundings and
the user comfort. This scoring can provide a rating mechanism to evaluate and compare
different buildings. Due to the user-centric approach and other technical features included
in PEBs, they may have a high SRI score compared to other existing or new NZEB buildings.

7. Conclusions

The international efforts to reduce building-related carbon emissions have resulted
in the introduction of energy-efficient buildings that mainly use energy from renewable
sources. Until recently, these concepts have concentrated on the technological aspects and
have aimed for a net-zero energy balance. Introducing positive energy buildings brings
additional elements to the discussion. In the new concept, the interaction with the grid
is more emphasized, drawing more attention, e.g., to the flexibility of the energy supply
and demand. The emergence of electric vehicles and vehicle to grid solutions bring yet
another factor to the equation. The central role of the users as beneficiaries and operators
of the PEB is also worth considering when defining the concept. As the CO, emissions and
costs in the operational phase are minimized with the PEB concept, the role of the life-cycle
considerations is gaining more attention. A clear definition of the concept will facilitate the
wider roll-out of the PEBs, as the stakeholders will have a common understanding of the
goals.

This article presents a definition for a positive energy building, being “an energy
efficient building that produces more energy than it uses via renewable sources, with
high self-consumption rate and high energy flexibility, over a time span of one year”. A
high-quality indoor environment is an essential element in the PEB, securing the comfort
and well-being of occupants. The PEB is also able to integrate future technologies, such as
electric vehicles, with the motivation to maximize the utilization of local renewable energy
sources.
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This definition for positive energy buildings is developed based on previous, existing
concepts for nearly and net-zero energy buildings. In comparison to earlier energy-efficient
building definitions, this PEB definition highlights the comfort and well-being of the
occupants, the integration with the grid, and the energy flexibility of the building. A
broader framework and criteria for PEBs are first presented. The PEB framework and
definition are based on two aspects, technical and human and society centric.

The building must be designed and constructed in a way that it has high energy
efficiency during the whole life cycle. It is imperative that the onsite energy supply
comes from renewable sources. It is important to estimate the grid interaction and energy
matching, as positive energy building interacts with the grid with a positive balance that
must be accounted for, and negative effects to the grid need to be minimized.

The human and societal centric framework highlights indoor environment and quality,
user engagement, and comfort. The life cycle effects of PEBs related to embodied energy,
life cycle emissions, life cycle costs, and resilience are also reflected.

The article points out some of the aspects that are still under discussion or worth
paying attention to in the future development of the concept and the indicators. With
the new smart readiness indicators, the PEB can adapt to new challenges, such as the
integration of electric vehicles, flexibility options, user comfort, and renewables. Some of
the other challenges discussed are defining the building boundary, which can be influenced
by many factors such as urban plans, geography, resources available, etc.

One interesting finding is the lack of commonly agreed and physically sound termi-
nology for the different energy components (e.g., generation, production or supply, load
or demand, use or need are used sometimes for same purposes, sometimes for different
meanings). A recommendation, therefore, is to continue the work on harmonizing the
terminology for the PEB concept and energy components, also in compliance with the
underlying physics.

Future work includes the development and verification of the KPIs and studies to
analyze the impact of the proposed definition in different European climates by calculating
and simulating the buildings to estimate the potential technical and economic challenges,
looking at the feasibility of the PEB as defined here.

It is critical to understand the multi-dimensional and interdisciplinary nature of a
positive energy-building concept. This concept requires a joint and collaborative approach
of different partners, stakeholders, and stockholders. It requires changes in the urban
planning, technical, economic, academics, industry, societal and political level. PEBs can
play a role in sustainable, low-carbon cities in the future.
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