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ARTICLE INFO ABSTRACT

Keywords: This research introduces an innovative method aimed at evaluating building energy performance within urban
Zero energy bu_ilc!i“g environments and communities, departing from the conventional Zero Energy Building (ZEB) concept and
Zero power building introducing the Zero Power Building (ZPB) framework. This approach, overcoming the limitations of the ZEB

Zero-emission building

o concept, offers a holistic definition in line with the goal of achieving a Zero-emission Building stock. By
Zero energy district

Zero power district employing a power balance assessment coupled with dynamic Key Performance Indicators (KPIs), this meth-

Energy performance of building framework odology surpasses traditional techniques, providing a more accurate assessment of energy consumption and

Building performance assessment generation patterns. The method was applied to a district case study encompassing seven nearly Zero Energy

Dynamic performance assessment Buildings (nZEBs), demonstrating its potential efficacy. Findings indicate how the proposed framework can
accurately evaluate the integration of energy storage and sharing strategies, increasing the Zero Power target
from 29 % to 51 % of annual hours. KPIs were also dynamically examined at the building and district level,
introducing the concept of KPI accuracy and identifying pivotal hourly patterns to guide a sustainable transistion.
The adoption of the Zero Power Building framework and the utilization of dynamic KPIs offer viable solutions to
address conventional limitations in building energy assessments. This approach aids in guiding targeted energy
efficiency measures aimed at fostering sustainable and Zero-emission Communities.

surpassing Zero Energy Buildings by ensuring that the residual energy

1. Introduction needed doesn’t produce on-site carbon emissions from fossil fuels (Eu-
ropean Parliament, 2023). Though differences persist among the EU

The impact of buildings on global energy needs is undisputed (IEA - Commission, EU Parliament, and EU Council regarding its imple-
International Energy Agency, 2018), with the building sector currently mentation, some key aspects are apparent. First, there is a noticeable
accounting for 30 % of total primary energy consumption (IEA, 2022). shift from a static (monthly) energy assessment calculation step for
Recent years have seen a focus on research and technological in- buildings to a more detailed hourly or sub-hourly calculation approach.
novations aimed at reducing the energy impact and enhancing building This shift aims to better capture the interplay between on-site renewable
energy efficiency to mitigate fossil fuel consumption (de Santoli et al., energy generation, consumption, and grid export. Moreover, reducing
2017). Emerging from these efforts are various approaches for achieving the timeframe used as the basis for achieving zero energy targets is
increasingly sustainable and energy-efficient buildings. Consequently, crucial to avoid inaccuracies caused by compensations using monthly or
evaluating the impact of different solutions on building performance has annual energy measurements (cover-up effect). Such practices can result
become crucial. Literature has produced numerous methods and met- in misleading representations of Zero Energy Buildings (ZEBs) (Kurnitski

& Hogeling, 2022).

rics, condensing building performance into a few key indicators. Legis-
In both research initiatives and national regulations, the energy

lative developments, such as the recasts of the Energy Performance of

Building Directive (EPBD) in Europe, have defined the implementation balance stands as a fundamental tool for evaluating building perfor-
of Zero Energy Buildings and shaped the sector’s energy evolution mance, facilitating the comprehension of energy flows within a build-
(European Parliament, 2012; European Parliament, 2018). The ongoing ing’s defined perimeter and offering diverse avenues for setting energy
discussions on the 3rd recast of the EPBD, part of the Fit for 55 EU performance objectives.

package, have introduced the concept of Zero-emission Building,
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At Time interval

€ Accepted error
Subscripts/superscripts

bal Balance

dem Demand

i i-th time interval

j j-th supplied energy flow

J Total number of supplied energy flows
k k-th demanded energy flow

K Total number of demanded energy flows
ref Total reference time for analysis

ren Renewable

shared  Shared energy

sup Supply

target  Target value for KPIs

tot Total (Renewable + Non-Renewable)
use Used on site

Acronyms

(n) Nearly/net

CCHP  Combined Cooling Heating and Power
EPBD Energy Performance of Building Directive
HVAC  Heating, Ventilation and Air Conditioning
PEF Primary Energy Factor

PV Photovoltaic

RER Renewable Energy Ratio

SC Self Consumption

SS sSelf Sufficiency

ZEB Zero Energy Building

1.1. The zero energy building concept: definition limits and KPIs
constraints

The most successful application of the energy balance is certainly the
concept of Zero Energy Building (ZEB), in its meanings of net ZEB,
nearly ZEB or plus ZEB. Practically, the definition of Zero Energy
Building is the null result of the energy balance between the energy
supply and demand. Defining the result of the balance as Epg, the defi-
nition of ZEB is represented by Eq. (1), globally accepted from Kurnitski
et al. (2011):

J K
Epa = E Epj Weupj — E Egem ik Weem (€9)]

=1 k=1

where Egy, represents the energy supply, Egem the energy demand, and
Wgyp and wyem represent the weighting factors used to compare any j-th
and k-th energy flows among all the supplied and demanded energy
flows, J and K respectively.

Numerous strategies have emerged recently to achieve the Zero
Energy Building (ZEB) target, defined as a structure capable of meeting
its energy demands solely through renewable sources. The ZEB concept,
defined by Eq. (1), remains unaltered over the past decade without
revision or critical evaluation. Influential studies, such as those stem-
ming from the IEA SHC Task 40 concluded in 2013, have shaped ZEB
discussions (SHC — Solar Heating & Cooling Programme, & [EA — In-
ternational Energy Agency, 2015). However, after almost a decade, the
literature has lacked exploration or reassessment of the ZEB definition,
leaving critical issues unresolved. The limitations of the ZEB definition
primarily center on three aspects:

e Physical boundary. Altering the perimeter of energy analysis
impacting building energy flows yields differing outcomes even
within the same building.

e Weighting system. The choice of a weighting factor determines the
energy balance metric. A static and generalist weighing system does
not reflect the importance of this balance variable.

e Analysis timeframe. Eq. (1) defining ZEB relies on annual or
monthly energy balances, failing to capture the dynamic behavior of
buildings.

The limitations evident in the use of the energy balance also extend
to the utilization of Key Performance Indicators (KPIs) supporting the
definition of ZEBs. KPIs serve to condense complex energy performance
into singular indicators, facilitating comprehension and evaluation of
specific building characteristics. Similar to energy balance consider-
ations, the indicators associated with the ZEB concept typically repre-
sent static performances averaged annually, employing fixed physical
boundaries of analysis that fail to capture the true dynamic nature of
buildings. Among the numerous KPIs used, this paper references Self
Sufficiency (SS), Self Consumption (SC), and Renewable Energies Ratio
(RER).

SS gauges a building’s ability to function independently from
external energy sources (Amato et al., 2021), formulated in Eq. (2) (refer
to Fig. 2 for a clearer illustration of energy flows).

__ Energy generated and used onsite Gy

85 = Energy load T L 2

SC delineates the proportion of an energy flow produced and directly
consumed by the building itself (Gudmunds et al., 2020), using Eq. (3).

_ Energy generated and used onsite Gy,

SC 3

Energy generated onsite G
RER assesses the proportion of renewable energy use within the
building’s energy balance (Musall & Voss, 2014). Its definition involves
energy exchanges across source boundaries, necessitating the use of
primary energy weighting factors, as per Eq. (4) (Kurnitski, 2013).
G + D™

RER = G+ D™ _goT C))

where the superscripts **N and "7 indicate the energy share attributable

to renewable or renewable plus non-renewable sources, respectively.
Table 1 provides an insightful overview of presented KPIs relevant to
building energy performance, outlining their distinct advantages and
disadvantages in a comprehensive manner.
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Table 1
Advantages and Disadvantages for adopted Key Performance Indicators (KPIs).
KPI Advantages Disadvantages
Self Sufficiency e Measures autonomy from e Simplifies energy autonomy
(8S) external sources. without considering
e Demonstrates on-site demand.
generation capacity. e Focuses solely on
independence from external
sources.
Self Consumption o Identifies directly e Neglects surplus energy
(SC) utilized on-site energy. generated and not
o Indicates efficiency of consumed.
on-site consumption. e Overlooks energy

distributed back to the grid.
Renewable Energy o Reflects the proportionof e Depends on precise
Ratio (RER) renewable energy used. assessment of primary
e Evaluates renewable energy factors.
energy utilization. High energy exports alter
its significance.

Studies in the literature, reviewed in the following section, have
individually investigated limitations on the physical boundary, the
weighting systems, and the time interval of the analysis, achieving
important results towards the ZEB target.

1.2. Strategies to achieve zero energy target: literature review

The pursuit of Zero Energy Buildings presents a captivating yet
intricate challenge within the realm of construction. This endeavor de-
mands not only academic exploration but also the pragmatic imple-
mentation by designers. Recent strategies have primarily concentrated
on addressing the constraints inherent in the definition of Zero Energy
Buildings to achieve this ambitious objective. This section delineates
pertinent findings from existing literature, which extensively examines
the confines associated with Zero Energy Building paradigms high-
lighted in Section 1.1 — specifically, the delineation of physical
boundaries, the establishment of weighting systems, and the temporal
scope of analysis. The literature offers significant insights and pivotal
strategies aimed at fostering energy-efficient and sustainable buildings
to accomplish the goal of zero energy performance, however, focusing
on individual critical aspects without ensuring a holistic approach.

The role of the physical boundary, often declined as the relationship
between buildings and their districts is seen as a key strategy to achieve
ZEB targets. For instance, Zhou et al. (2021) conducted a recent study
using battery cycling aging strategies and flexible vehicles-to-buildings
interactions to achieve a positive energy district target. By expanding
the physical boundary of a single building, they achieved better overall
performance. Similarly, Bruck et al. (2022) achieved a similar goal using
different strategies, focusing on building envelope retrofitting, which is
particularly crucial for buildings in colder climates. Many studies have
considered district heating networks as a tool to achieve ZEB targets on a
district scale. They explore various approaches, such as integrating solar
thermal systems (Abokersh et al., 2021), using decentralized heat pumps
in fifth-generation networks (Bilardo et al., 2021; Calise et al., 2022),
integrating waste heat from thermal waste (Nihal et al., 2023; Reddick
et al., 2020), and optimizing energy production and demand (Wein-
berger et al., 2021).Additionally, research has focused on the logic of
electricity exchange within districts (Jokinen et al., 2022; Pinto et al.,
2022), drawing attention to energy communities as a rapidly expanding
reality worldwide (Bilardo et al., 2020; Lopes et al., 2016; Mittal et al.,
2019). All these studies share the use of flexible physical boundaries of
analysis beyond single buildings, which is foundational to the definition
of ZEB. They demonstrate that limiting analysis to a single building
would not yield the same performance results, confirming the signifi-
cance of the physical boundary in defining ZEBs.

Regarding weighing systems in the ZEB concept, numerous studies
emphasize the importance of valorising different energy flows in
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building balances and comparing buildings in various geographical
contexts. Troup et al. (2020) explored the impact of conversion factors
on building energy models, highlighting how spatial and temporal dif-
ferences in electricity grids significantly affect weighting factors. Fumo
and Chamra (2009) investigated managing Combined Cooling, Heating,
and Power (CCHP) systems to ensure optimal weighting factor values
and reduce primary energy consumption. Among the most widely used
weighting factors for evaluating ZEBs, primary energy conversion fac-
tors are the most adopted. Bilardo et al. (2022) demonstrated significant
variations in primary energy factors (PEF) for various European coun-
tries between 2000 and 2020, providing insights for future legislative
developments in the ZEB concept. The dynamic impact of energy con-
version factors also influences Life Cycle Assessment (LCA) analyses
(Negishi et al., 2018). These studies underscore the importance of the
energy weighting method in defining ZEBs and developing strategies for
high energy performance buildings. The weighting system not only acts
as a fundamental variable in the energy balance but also guides opti-
mization strategies and fuel switching when multiple energy sources are
present (Ferrara et al., 2015).

Regarding the analysis time frame, assessing the balance of buildings
presents some challenges. Dynamic energy simulations of buildings are
foundational in research but are less commonly applied at a legislative
level (Pérez-Lombard et al., 2009). Several studies have shown that
current assessments of energy performance certificates often deviate
from reality (Figueiredo et al., 2018; Kelly et al., 2012), indicating the
need for updates (Narula, 2013). In some cases, dynamic assessment
tools have been applied in specific assessments in Australia to reduce
building performance gaps (Kang et al., 2022). The scientific community
agrees on the importance of dynamic energy evaluations to overcome
limitations related to annual or monthly considerations (D’Agostino
et al., 2022). Studies like Savolainen and Lahdelma (2022) explored the
optimization of renewable sources with energy storages, conducting
analyses at detailed time intervals of 15 min. Zhan et al. (2023) studied
energy flexibility strategies to increase the self-sufficiency of a
multi-zone office. Lu et al. (2022) emphasized the importance of eval-
uating the real-time energy imbalance, not just the annual zero balance,
when assessing the energy flexibility of ZEBs.

Despite many studies focusing on specific aspects of ZEBs, there is a
need for a broader and more applicable definition of high-performance
buildings within a larger context, in line with the new concept of Zero-
emission Building as stated by the 3" EPBD recast. The interconnected
variables of a building’s energy balance require a comprehensive per-
formance assessment method that considers their mutual relationship.
The proposition put forth in this paper underscores the imperative ne-
cessity for a holistic approach in shaping future definitions and strate-
gies for a sustainable transition of the building stock.

1.3. Aim of the work

Expanding upon the constraints concerning the establishment of a
universally accepted definition for Zero Energy Buildings, this work
aims to define a new framework for the analysis of high energy perfor-
mance and Zero-emission Buildings. A novel concept termed Zero Power
Building (ZPB) is introduced as a departure from the constraints linked
to the Zero Energy Building definition, emphasizing both methodolog-
ical aspects and practical applications. Section 2 delves into the meth-
odological foundations of the Zero Power Building, outlining its
definition and evaluation methods, which transcend traditional energy
balance and static KPIs. In Section 3 the ZPB concept is applied to the
performance assessment of an existing case study, consisting of 7 multi-
family residential buildings. Section 4 collects the results achieved and
compares the Zero Energy with the Zero Power approach, accommo-
dating flexible boundary condition in terms of physical boundary and
timeframe of analysis. This section scrutinizes the distinction between
the physical boundaries of individual buildings and the encompassing
district, exploring performance metrics across annual and hourly scopes.
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In Section 5 the achieved results are discussed, and the possible impli-
cations of the work are considered. Fig. 1 delineates the breakdown of
subsequent sections for reference.

2. Methodology
2.1. From zero energy to zero power buildings: a new framework

Eq. (1) is the basis of the definition of Zero Energy Building. How-
ever, a more adequate expression of the same relationship should specify
the physical perimeter of analysis of the energy balance (b) and the
reference time of analysis tr for the j-th and k-th energy flow E. The
result is expressed by Eq. (5).

J K
Epats,y = E E Wit — E Bt Wity 5)
= =

In the classic ZEB definition, boundary b is identified as the import-
export boundary, while ts is equal to a whole year. Additionally, a
different analysis time interval for the energy flows (tp) and for the
weighting factors (t.fy) should be specified, since they depend on
different boundary conditions and might assume different evaluation
timeframes.

Among the variables influencing the energy balance, time variable
has an impact on all the others, since both the energy flows and the
weighting factors are time dependent. As regards the variability of en-
ergy over time, it is necessary to re-evaluate the concept of energy
through the integral of power P in the time interval At. Also considering
the variability over the time of the weighting factor w, Eq. (6) is obtained
to evaluate the weighted energy on the first interval At of a timeseries
(form O to At), valid for any j—th supplied energy flow (same consider-
ations applies for the k-th demanded flow).

At

Eya = /P/'(t)'w,/'(t) dr ©)

0

Considering a specific i—th time interval, At;, the Eq. (6) assumes the
generic meaning expressed in Eq. (7).

iAt

Eyan = Py(t)-wy(t) dt ™

(i—1)At

Eq. (7) allows studying any weighted energy flow in a specific i—th
interval, evaluating the trend over time of E and w. Therefore, Eq. (5)
could be reformulated to study the energy balance for any i—th interval
inside the total reference time of analysis t.s, by summing each i—th
analysis timestep, thus deriving Eq. (8).

gt /A0 B Kl /At 0B
Eba,, = Z Z / P;(r)-w;(2) dr — Z Z / P(t)-wi(r) dt (8)
1 i=1 @

=L G A k= 1)ar

Assuming to reduce the balance analysis time interval At, ideally
tending to zero, Eq. (9) is derived, moving from energy balance to power
balance evaluation:

Alfz,i)EbaI.lmf(At) = Prats,, 9

The physical meaning expressed by Eq. (9) allows to evolve from the
concept of (nearly/net) Zero Energy to that of (nearly/net) Zero Power.
Thus, it is possible to physically argue the concept of the ZPB, i.e. a
building capable of achieving high performance on a power balance,
representing the building as a dynamic entity. The concept and defini-
tion of Zero Power Building is strongly dependent on the physical
boundary b and on weighting factors w. It is therefore necessary that
variables b and w are specified unequivocally for a correct application of
the definition. Their definition will be specified in this work for a spe-
cific application to a case study.

2.2. Methods of analysis for zero power buildings

The definition of ZPB opens numerous possibilities for dynamic
performance assessments for buildings. This section identifies two tools
that can be used to evaluate a ZPB: i) the averaged power balance, un-
derstood as an evolution of the energy balance and ii) the KPI accuracy,
interpreted as a development of the classical static KPIs.

2.2.1. The averaged power balance
In this new framework, the energy balance of the building takes on a
different meaning. The annual or monthly energy balance, largely
adopted to identify a ZEB, loses its usefulness. The ambition of the ZPB is
to study the balance of energy flows over a time interval ideally tending
towards zero. Considering a less idealistic time interval, such as the
hourly interval, it is possible to evaluate the achievement of the ZPB
target for each hour of a year. Following this approach, a building could
only be considered a ZEB at certain instants in time. For this reason, it is
useful to introduce the concept of averaged power over a time interval:
given a fixed analysis interval At, the average weighted power in the
i—th interval can be expressed using Eq. (10), valid for any j—th supplied
energy flow (same considerations applies for the k-th demanded flow).
iAt

Eyny 1

Pw,-.AI, = =

YRR P;(t)-w;(t) dt (10)

(i—1)Ar

In this work, the study of the hourly averaged power balance will be
used as the first tool to evaluate the performance of a building within the
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Off site / Nearby (source boundary)

Fig. 2. Schematic of energy flows and reference boundaries in buildings.

Zero Power framework. Eq. (5) representing the energy balance of the
ZEB can be studied in terms of averaged power according to Eq. (11):

trer [ At

J
Phratsy = E E
=

Pw/.Ar(
i=1

Kt/

- Z Z ij.At,' (11)
i=1

k=1

where Fbal‘[ref represents the weighted averaged power balance evaluated
over the reference analysis time t.yf, using an analysis timestep At, for
each j-th supplied and k-th demanded flow.

When it comes to evaluating the supplied and demanded energy
flows in a building, the definition of the physical boundary has a strong
impact on the results of the analysis. Main energy flows involved in the
building balance are schematized in Fig. 2, identifying the building load
(L), the onsite generation (G), the grid-delivered flow (D) and the grid-
exported flow (E). For the sake of completeness, the energy flow
generated and directly used on site (Gys) is also indicated. Depending on
the building performance evaluation purposes, one analysis boundary is
preferred over another. The figure shows two most used boundaries: the
site boundary, which exclusively involves the flows generated and
consumed on site by the building, and the source boundary, which in-
volves the energy flows delivered and exported as external resources.
The main difference between the two physical boundaries lies in the
need to adopt weighting systems in the assessments over the source
boundary, since energy flows from different sources are involved.

The fragility of the definition of ZEB also relies in the choice of a
certain physical boundary adopted for the evaluation. Therefore,
depending on the purposes of any building perforamnce analysis, the
boundary should be declared to allow comparison between different
scenarios and contexts.

2.2.2. Key performance indicators for (n)ZPB

The application of the Zero Power framework can be extended to
KPIs and used for the dynamic evaluation of ZEBs, moving from static
and annual indices to detailed dynamic distributions. This approach
therefore makes it possible to study and improve buildings according to

KPI DYNAMICS EVALUATION METHOD

o

their realistic operation over time. Furthermore, the proposed frame-
work is not limited to the exclusive application of KPIs to the single
building. By manipulating the physical boundary, it is possible to
consider energy flows that interact with a group of buildings or an entire
district and consequently apply the definition of a KPI to a different
perimeter. Considering SS, SC and RER as reference KPIs introduced in
Section 1.1 through Egs. (2)-(4), it is possible to study their dynamic
evolution at each i th analysis timestep At; using Eqs. (12)—(14).
L2 Guelt) d

(i-1)At

T Rk (12)
‘[;’A:])Ar L(Z) dt
AL
SCa, = Ji- 1y Guse (1) dt .
i iAT
f(i—l)mG(f) dt

f(iiA—Il)AI(G(t) + DREN(f)) di

S s (G(e) +D™T()) — E™T(r)) ar

14

RER,, =

The proposed method for the evaluation of KPIs within the Zero
Power framework consists in the statistical study of the dynamic trend of
the KPIs evaluated through a detailed analysis interval (hourly or sub-
hourly). The distribution of the values assumed by the KPIs is there-
fore studied statistically, analysing the frequency of the distribution of
the KPIs and their accuracy with respect to a reference value. The ac-
curacy (a) of a given KPI, expressed by Eq. (15), replaces the concept of
yearly averaged KPI.

KPI accuracy (axer) — Number of KPI samples in acceptable interval
Y k) = Total number of samples

(15)

Again, adopting a consistent notation to consider the time variable,
Eq. (15) can be expressed mathematically through Eq. (16).

Define KPI

-[ Set o barpet vitne ] __[ Define acceptable ] - _[

interval

Dynamically
evaluate KPI

Self sufficiency { KPI

rarger = 100% ] -{

e=5%

]—{ Accuracy evaluation ]
acceptable §5,, ]

] { " } .[ T SSat;

Fig. 3. KPI definition scheme in the ZPB framework.



M. Bilardo et al.

Table 2

Conceptual transition from zero energy to zero power building performance.
Assessment methods (n)ZEB - (n)ZPB
Balance Epai,, (At = month) - Phat sy (1)
KPIs KPI;,, (At = month) e agpr, KPI;

1 tref / At

agpr = —— KPI; — KPl el | < € (16)

KPI tref / At ; [| i &arget} ]

where KPly,qe; represents the best achievable target value that the KPI
can assume and ¢ represents the maximum error allowed between the
i—th value of the KPI and the target value.

In the case of the KPIs proposed in this work, a reference value
KPlarger €qual to 100 % is set, representing the best achievable perfor-
mance, whereas maximum accepted error has been fixed to 5 %. In the
Zero Power framework, Eq. (16) can be repeated for each KPI of interest.
The procedure outlined in Fig. 3 defines the steps to achieve the accu-
racy assessment. The case of Self Sufficiency is given as an example in
Fig. 3 to illustrate the framework.

Finally, Table 2 summarizes the transition from Zero Energy to Zero
Power concept, identifying the different methods to evaluate its
performance.

3. Case study application

After defining the methodological framework of the Zero Power
Building concept, this section is dedicated to the presentation of a real
existing case study. The proposed case study will be subsequently used
to compare the ZEB and ZPB methodology.

The case study consists of a group of 7 nZEB buildings belonging to
the same district and built in the village of Blatten-Belalp, in the canton
of Valais in Switzerland. The district consists of multi-family residential
buildings, built in 2010 as a holiday resort. Fig. 4 provides some real
views of the case study, identifying the buildings involved.

Case study buildings are fully electric, solely relying on electricity as
primary energy source. They are similar in terms of construction and
intended use, with few differences in their exposure. Table 3 summarizes
the main thermophysical characteristics shared by the buildings.

Space heating and domestic hot water are provided by ground source
heat pumps installed for each building, integrated with photovoltaic
(PV) systems installed on each roof, as shown in the model in Fig. 5.
Table 4 instead collects the geometric characteristics and technical data
of the buildings (numbered from B1 to B7).

A previous research study focused on the same case study, exploring
energy performances (Rager et al., 2019). From the results previously
achieved, the selected buildings comply with local regulatory re-
quirements to be considered Zero Energy Buildings.

Sustainable Cities and Society 101 (2024) 105136

3.1. Simulation environment

Starting from the design data, the case study was modelled within
CitySim environment (Kampf, 2009). CitySim is an urban-scale vali-
dated simulation tool that allows an hourly simulation of the thermal
and electrical loads of buildings, as well as their internal and surface
temperatures and energy production from renewable sources (Mauree
et al., 2017), necessary to implement the assessment tools set out in the
methodology of this work (see Section 2) (Todeschi et al., 2021).

The virtual model was completed by defining hourly profiles of
occupation, lighting and use of electrical appliances. The set point for
heating is set at 20 °C, without cooling. All the design data needed to
determine the thermal loads of the buildings was retrieved from the
OSCARS research project (Rager et al., 2019). Afterwards, the model
was upgraded with the integration of HVAC systems for heating and
domestic hot water production. Each building is equipped with a
geothermal heat pump serving two storage tanks on two different tem-
perature levels (45 °C for heating and 60 °C for domestic hot water).
Terrain profile has also been modelled, both in terms of the geometry of
the ground (see Fig. 6) and external horizon.

Regarding weather data, different sources have been used. Through
an on-site weather station, it was possible to measure the external
temperature, relative humidity, solar radiation as well as wind direction
and speed for the whole year 2017. These data were subsequently in-
tegrated with the weather data of the city of Montana weather station
(Valais, Switzerland), through the use of the Meteonorm® software
(Remund et al., 2020), concerning ground temperature, precipitation
and cloudiness. The result was a climatic file built ad hoc for the next
validation step of the model. Fig. 7 shows the daily variation of the
external temperature trend (Fig. 7a) and of the daily beam normal
irradiance (Fig. 7b), together with their average values (black lines).

3.2. Model calibration

The heating demand of the district model has been calibrated and
validated through an annual monitoring campaign. During 2017, the
hourly heating needs were acquired for each modelled building. A
previous study (Dacos, 2017) focused on the calibration of the simula-
tion model, using heating energy needs as a reference parameter. The

Table 3

Main thermophysical characteristics of the case study buildings.
Parameter Value Unit
External walls U-value 0.15 W/m?K
Roof U-value 0.13 W/m?K
Floors U-value 0.18 W/m?K
Windows U-value 1.61 W/m?K
Windows g-value 0.53 -
Infiltration rate 0.22 h1
Electrical appliances 70 MJ/ m?yr
Heating setpoint 20 °C
Walls reflectance 0.101 -

Fig. 4. Photographic views of the case study.'!
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Fig. 5. Case study buildings with nomenclature and PV surfaces identification. Adapted from Dacos, (2017).

Table 4
Specific properties for case study buildings.

# Building Sy [m?] Vi [m®] S/V ratio [-] Thermal bridges losses [W/K] Ventilation heat loss coefficient [W/K] Glazing ratio [-] Installed PV [kW]
B1 797 2521 0.32 79.18 341.61 0.46 26.52
B2 772 2590 0.30 76.87 333.84 0.47 23.80
B3 792 2535 0.31 78.28 452.43 0.44 25.74
B4 692 2311 0.30 69.89 259.69 0.41 24.48
B5 683 2311 0.30 67.90 244.42 0.41 24.48
B6 732 2247 0.33 71.63 274.78 0.43 26.78
B7 729 2260 0.32 71.39 291.31 0.43 27.30

Fig. 6. Building and ground modeling - detail from the case study. Adapted from Dacos, (2017).

parameters calibrated in the model involved infiltrations, occupancy
profiles, equipment usage profiles and internal loads. All remaining
design parameters were modelled according to the building character-
istics set out at the beginning of Section 3. The process of calibrating the
model parameters, limited to the heating demand, used initial values
required by the Swiss technical standards SIA 380,/1:2009 and SIA 2024,
and then achieved calibrated values by means of the occupancy and
utilization data of the building recorded during the monitoring
campaign. The monitoring step was possible thanks to the support of the
real estate company that manages the entire district. Table Al in the
Appendix groups the main parameters subjected to calibration for each
modelled building. The calibration achieved excellent results: the
heating demand on a yearly basis recorded a maximum error of 6.42 %,
as shown in Table A2 in the Appendix.

3.3. Case study improvement scenarios
The numerical calibration process, which is not the subject of this

paper, made it possible to achieve a calibrated model that represents the

! Source: https://reka.ch/en/rekaholidays/reka-holiday-village-blatten-belal
p

reference baseline for the application of the methodology proposed in
this study. This foundational model was utilized to create two
enhancement scenarios, aiming to assess their viability within the
framework of the Zero Power Building methodology. These scenarios
are outlined as follows:

e Scenario 1 involved the integration of Battery Energy Storage Sys-
tems (BESS) in conjunction with the photovoltaic (PV) systems of
individual buildings. The simulation entailed the installation of an
identical electrical storage infrastructure across all buildings, pre-
liminarily sized according to each building’s electrical load. Table 5
presents the principal characteristics of the simulated batteries
allocated to each building. The charging and discharging mecha-
nisms of the storage system are governed by a control system that
aligns with the building’s power demand while considering any
onsite power generation. Specifically, only surplus onsite generation
is stored, following a legacy behavior. Furthermore, the BESS
maintains a minimum State of Charge (SoC), potentially necessi-
tating external energy sources for replenishment.

Scenario 2 involved implementing a unified district-wide Battery
Energy Storage System (BESS) with provisions for energy sharing
among buildings. To ensure an equitable comparison with Scenario
1, the district’s BESS shared identical performance characteristics,


https://reka.ch/en/rekaholidays/reka-holiday-village-blatten-belalp
https://reka.ch/en/rekaholidays/reka-holiday-village-blatten-belalp
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Fig. 7. Daily variation of the external temperature (a) and of the beam normal irradiance (b). Annual average values represented by the black lines.

Table 5 scenario shareable energy was evaluated on a district scale by Eq.
Main characteristics of BESS. (17), considering exported (E) and delivered (D) energy from each
Parameter Value Unit building B=1.7.
Total capacit; 42 kWh
Charging efﬁ}c,iency 0.95 - Egparea = min |:ZEB’ ZDB 17)
Discharging efficiency 0.95 - B B
Initial State of charge 0.5 -
Minimum State of charge 0.2 -
Drainage losses 0.05 _ The model’s implemented logic involves evaluating the shareable
energy at each analysis timestep and distributing it proportionally
Table 6 among buildings exhibiting a positive energy demand. In Scenario 2,
able

three distinct operational levels exist, each with its own priorities. In

Summary of analysed scenarios. the energy production phase, the primary focus lies in optimizing

Baseline scenario Scenario 1 Scenario 2 district self-consumption through energy sharing among buildings.
PV Yes (Decentralised)  Yes (Decentralised)  Yes (Decentralised) Subsequently, emphasis shifts to charging the shared Battery Energy
BESS No Yes (Decentralised) ~ Yes (Centralised) Storage System (BESS) and, finally, exporting surplus energy to the
Energy sharing ~ No No Yes

external grid. During the prevalent consumption phase, priority re-
verts to enabling energy sharing, followed by discharging the shared
BESS, and ultimately drawing energy from the grid.

differing solely in capacity, which equated to the cumulative sum of
all BESS units in Scenario 1 (7 x 42 kWh). Within Scenario 2, the

introduction of a shared BESS allowed for potential electricity Table 6 shows the 3 s.cenarif)s proposed in this ijk’ .WhiCh will be
sharing among buildings within the district. In this context, the analysed in the next. section using the Zero Power Building methodol-
governing principle for energy exchange within the district was 08y: F1:1rther.11101je, Flg 8 sche}natlzes the .tc‘)po‘logy adopted for the two
aimed at maximizing self-consumption, emphasizing energy sharing scenarlos, hlghhg.htlng the C.llfferent Posmomng .(?f the. BESS and th.e
among buildings before prioritizing the charging of the shared BESS possibility of sharing energy in Scenario 2. In addition, Site Boundary is

or exporting surplus energy to the external grid. In this simulation displayed as the reference boundary for single building analysis, while
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Baseline Scenario: PV only

Scenario 1: PV + Decentralized BESS
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Scenario 2: PV + Centralized BESS
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Fig. 8. Schematic comparison between topologies simulated in Baseline Scenario, Scenario 1 and Scenario 2.

the Import/Export boundary is indicated as the reference boundary for

Table 7 . . L the analysis involving the entire district.
Boundary conditions variables adopted for the building balance study.
Objective Boundary Weighting Time detail 4. Results
Physical Purpose
boundary . . . 1. . .
The results section delineates the findings derived from employing
E“lfrgy/ i‘ti?“ﬂjaw: Load/ ; Final energy ;[earﬂind the two assessment methodologies expounded in Section 2.2, investi-
ower ullding generation use on on . . . .
balance onsite energy  balance electricity (Energy) vs gating the. sh.1ft from a Zero Energy Bullfilng (ZEB) approach to the Z.ero
study systems carrier — no Hour Power Building (ZPB) framework. Section 4.1 focuses on the examina-
weighing (Average tion of energy and averaged power balances. Initially, the application of
Power) these tools was confined to a single building, facilitating a comparison
between the Baseline and Scenario 1. Subsequently, the scope of analysis
expanded to encompass the entire district, enabling a comprehensive
comparison involving Baseline, Scenario 1, and Scenario 2. Given that
5 District: Yearly On-site Generation vs Load (Baseline)
I T I T T I T
40 - .
=
St -
= [ L (load)
P [ G (generation)
5 20 -
=
w
10 ~ .
0
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Fig. 9. Yearly energy balance (Load vs Onsite generation) for each building (Baseline).
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b) Building B1: monthly energy flows (Baseline)
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Fig. 10. Yearly and monthly energy balance analysis for B1 in the Baseline scenario.

Scenario 2 introduces a centralized district storage, maintaining a
consistent analytical boundary becomes imperative to illustrate the
adaptability of the Zero Power framework. Following this, Section 4.2
delves into investigating the influence of the proposed Key Performance
Indicators (KPIs). Once more, the impact of the Zero Power approach is
explored at the building level, contrasting KPIs and their accuracy be-
tween the Baseline and Scenario 1. Finally, the outcomes pertaining to a
Zero Power District are elucidated, presenting the KPI results and ac-
curacy at the district level, with Scenario 2 included in the comparison.
Specifically, there’s a proposed and highlighted distinct division be-
tween the analysis conducted on a single building level and the analysis
conducted on a district level. This decision arises due to the nature of the
energy sharing method employed in Scenario 2, which necessitates
comparison through distinct physical boundaries of analysis. Conse-
quently, embracing the Zero Power framework mandates defining a
specific physical boundary of analysis for individual buildings (Site
Boundary) and another for district analysis (Import/Export Boundary).

4.1. Energy balance vs averaged power balance: ZEB vs ZPB

The energy balance is the first tool adopted to evaluate the case study
performance. For an unequivocal analysis, the balance variables are
specified in Table 7. The physical boundary taken into consideration is
the site boundary, which includes the building and its on-site generation
systems. The purpose of this boundary is to study the load/generation
balance. Since the analysis deals with fully electric buildings, the results
are proposed in terms of final energy, using the electricity carrier.
Therefore, no weighing systems are applied. Finally, the temporal detail
of the analysis will focus from year and month (energy balance) to hour
(average power balance).

Given the assumption of the analysis, Fig. 9 initially shows the result
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of the annual energy balance for the 7 buildings of the case study, for the
reference baseline scenario, comparing the energy load (L) with the
onsite energy generation (G). According to these results, all buildings
can be defined as ZEB or nearly ZEB, since the onsite generation meets
the building load.

Given the buildings’ energy similarity, first analysis will only focus
on building B1. Building B1 was chosen as the representative building of
the district as its performance is close to the yearly breakeven between
production and consumption (see Fig. 9), so that the divergences from
the ZEB condition are as evident as possible (see Appendix A for
buildings’ energy demand details). Fig. 10 analyses the annual (Fig. 10a)
and monthly (Fig. 10b) load and on-site generation of B1, separating the
energy load into its shares of energy from onsite generation (Gyse, blue
bar) and delivered form the grid (D, yellow bar). Energy balance (Epq) is
also reported annually and monthly in Fig. 10c and d, respectively,
highlighting a negative (red bars) or positive (green bars) result. On a
yearly basis, building B1 can be considered ZEB, while monthly it be-
haves as a plus ZEB in the summer months, missing the ZEB target in the
winter period (negative balance).

Fig. 11 presents findings pertaining to Scenario 1, centering on
Building B1 and its incorporation of an electric storage system (BESS).
Compared to the reference Baseline scenario, Scenario 1 performs worse
in terms of both annual and monthly energy analysis. The BESS causes
on-site generation to decrease due to charging, discharging, and
drainage losses. Simultaneously, the building’s energy load increases as
it requires a minimum state of charge when on-site generation is un-
available. This leads to an overall energetic worsening.

The annual and monthly energy balance (Fig. 11c and d) further il-
lustrates this decline, with an evident increase in energy demand (red
bar) from the building on a yearly basis. Consequently, the building
loses its ZEB status annually, although monthly performances remain
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i b) Building B1: monthly energy flows (Scenario 1)
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Fig. 11. Yearly and monthly energy balance analysis for B1 in Scenario 1.
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Fig. 12. Hourly average power balance for Baseline scenario (a) and Scenario 1 (b) with sorted representation (c-d).

similar to the previous scenario, showing seasonal variations.

The installation of the BESS brings benefits to Building B1 by
significantly increasing the share of on-site energy consumption (Gyge,
blue bar) in Scenario 1. Although the overall energy balance might
suggest that B1 loses its ZEB status, neglecting this improvement would
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be misleading. Using the Zero Power concept with a one-hour time
resolution, Fig. 12 compares Py results between the reference Baseline
scenario and Scenario 1. The averaged hourly power balance is repre-
sented for the entire year (Fig. 12a and b), along with its sorted distri-
bution (Fig. 12¢ and d), using green and red bars for a positive or
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Table 8
Boundary conditions variables adopted for the district balance study.
Objective Boundary Weighting Time detail
Physical Purpose
boundary
Energy/ Import/Export Import/ Energy use on Year (Energy)
Power boundary: Export electricity vs Hour
balance entire district balance carrier - no (Average
study weighing Power)

negative balance, respectively.

The application of the Zero Power concept leads to different con-
clusions compared to the previous analysis using annual and monthly
energy balances. Building B1 achieves the Zero (or plus) Power target for
50 % of the hours in Scenario 1, compared to only 29 % in the Baseline
scenario. Additionally, this method allows analysis of how long the
building can operate off the grid, which is vital for assessing potential
power outages. The Baseline scenario enables approximately 2540 h per
year (3.48 months) of off-grid operation, while Scenario 1 increases this
to 4380 h (6 months). Conclusively, when considering the Zero Power
concept, Scenario 1 performs better, and the installation of the BESS
should be seen as advantageous for Building B1.

The presented case study shows that the ZEB approach doesn’t
properly credit the benefits of installing a battery energy storage system,
revealing limitations and misleading information in its application.
Instead, the Zero Power concept provides a more realistic and dynamic
evaluation of a building’s behavior.

Shifting focus to Scenario 2, the study involves the entire district to
assess its energy performance, including energy sharing and storage. The
ZPB methodology is still employed, but the physical boundary is
extended to cover all seven buildings in the district. This change affects
energy flows, and particularly the relationship between energy exported
to the external grid and energy delivered from the grid to the buildings.
The analysis now examines the import/export balance for the entire
district, and the methodology’s flexibility allows for adaptation to

Sustainable Cities and Society 101 (2024) 105136

variations in the physical boundary, leading to the concept of a “Zero
Power District”. Table 8 provides updated boundary conditions for this
analysis, supplementing the information in Table 7.

Fig. 13 compares three scenarios (Baseline, Scenario 1, and Scenario
2) using the Zero Energy concept analysis. Fig. 13a displays the annual
imported and exported energy amounts, and Fig. 13b shows the Epq for
each scenario. The Baseline scenario is the only one with a positive
energy balance (green bar), indicating it predominantly exports energy.
On the other hand, Scenario 1 and 2 show negative balances, requiring
more energy imports than exports (red bar). Furthermore, Scenario 2 has
the highest need for grid-imported energy, around 20 MWh per year.
While the definition of a Zero Energy district only applies to the Baseline
scenario annually, the absolute values in Fig. 13a reveal that BESS sys-
tems (decentralized or centralized) have a positive impact, significantly
reducing the district’s dependence on the external grid.

The application of the Zero Power methodology yields different re-
sults for district performance in the proposed scenarios. Fig. 14 shows
the sorted trend of Py, indicating hours with prevailing export (positive
balance) and import (negative balance). The dashed line represents
hours when the entire district operates under “Zero Power” conditions.

Contrary to the annual energy balance findings, the ZPB methodol-
ogy shows that the Baseline scenario achieves a positive balance for only
29 % of the annual hours (Fig. 14a). However, Scenarios 1 and 2 perform
better, with positive balances for 45 % and 51 % of the hours, respec-
tively (Fig. 14b and c). Additionally, the Zero Power approach quantifies
the time the district can operate independently from the external grid:
2540 h (3.48 months) in the Baseline scenario, 4292 h (5.88 months) in
Scenario 1, and 4468 h (6.12 months) in Scenario 2.

The proposed methodology shows that installing a centralized Bat-
tery Energy Storage System (BESS) with energy sharing (Scenario 2) is
the most effective approach to achieving the Zero Power target. Scenario
2 not only performs better in terms of averaged power balance but also
offers cost advantages compared to Scenario 1, as centralized storage
systems have lower installation, maintenance, and operational costs
than decentralized solutions. The methodology highlights the value of
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Fig. 13. Energy analysis of the district in the three scenarios: comparison between imported and exported energy (a) and annual energy balance (b).
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Fig. 14. Sorted trend of hourly average power balance for the Baseline scenario (a), Scenario 1 with decentralised BESS (b) and Scenario 2 with centralized BESS and

energy sharing (c).

storage batteries, which were previously disregarded in achieving the
Zero Energy target. Once again, the Zero Power concept challenges the
traditional criteria for evaluating Zero Energy Buildings, considering not
only individual buildings but also their interactions within a district
context.

4.2. Dynamics KPIs: from ZEB to ZPB

This section focuses on analysing three Key Performance Indicators
(KPIs) - Self Sufficiency (SS), Self Consumption (SC), and Renewable
Energy Ratio (RER) - identified in Section 2.2.2. Weighting factors are
applied to RER evaluation, since involves energy flows from external
resources. Adopted weighting factors consider European average pri-
mary energy factors for electricity, according to EN ISO 52000-1:2018
(CEN, 2018) (Wnren = 2.3 and wye, = 0.2).

Results are presented in Fig. 15, comparing the Baseline scenario
(red bars) with Scenario 1 (green bars) for all buildings in the district.
Scenario 1 outperforms the Baseline scenario in all indicators: SS im-
proves by 20 %, SC by 22 %, and RER by 7 %. This contradicts the earlier
analysis of the yearly energy balance in Fig. 10 and 11, indicating that
the benefits of installing the BESS are perceivable when using the pro-
posed KPIs. However, it is important to note that these performance
indicators do not replace the definition of Zero Energy Building (ZEB)
but rather complement it. They represent static performance averaged
over a year and do not capture building dynamics. Throughout this
analysis, a similarity in the performance of the case studies is observed,
leading to a continued focus on building B1, representative of the
district.
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The proposed Zero Power Building methodology allows for a dy-
namic analysis of Key Performance Indicators (KPIs), providing insights
into real building performance. Yearly heatmaps in Fig. 16 show the
dynamic evolution of KPIs for the reference Baseline scenario (left) and
Scenario 1 (right). The red color highlights hourly values within 5 % (&)
of the maximum value (KPIiarger = 100 %), as established in previous
Section 2.2.2. Overall, Scenario 1 demonstrates substantial improve-
ments, giving valuable insights into KPI dynamics.

For Self Sufficiency (SS), Scenario 1 shows grid independence during
central hours of the day and the summer season, extending self-
sufficiency even during night hours with the help of the BESS
(Fig. 16a and b). Self Consumption (SC) improves noticeably in Scenario
1, particularly during hours of lower solar radiation, suggesting a slight
mismatch between PV generation and building load (Fig. 16¢ and d).
Both SS and SC exhibit zero performance periods between day 200 and
day 250, associated with null self-consumption (Gys. = 0) and reduced
loads, possibly due to building closures (see Figs. A1 and A2 in the
Appendix).

Regarding the weighted KPI, Renewable Energy Ratio (RER) also
improves in Scenario 1 compared to the Baseline (Fig. 16e and f).
However, its dynamic trend is similar to SS due to the limited renewable
share of electricity considered in the primary energy factors according to
EN ISO 52000-1:2018. It is important to note that the results in Scenario
1 are based on preliminary BESS sizing without optimization
procedures.

The dynamic analysis of performance indicators allows for the
calculation of the accuracy of each Key Performance Indicator (KPI)
with respect to an acceptable reference interval of 5 % from the target



M. Bilardo et al.

District: yearly SS
I

Sustainable Cities and Society 101 (2024) 105136

100

I Baseline
B Scenario 1

S5 [%]

.

0
B1 B3 B4 B5 B6 B7
Building
District: yearly SC
100 T T T

I Baseline

I Scenario 1
8
U “ ‘ '_L
1]

B4 BS B6 B7
Building
District: yearly RER
100 I T T T T

I Eascline

R Scenario 1
®
r 50 i
L
[I J - -_- . u

0
B1 B2 B3 B4 B5 B6 B7
Building

Fig. 15. Yearly KPIs

a) Building B1: 55 heatmap (Baselina)

Wl ' .
PO e Y

=]
a

s
Days

for case study buildings.

0 1)

Fig. 16. KPIs heatmaps visualizing hourly fluctuation (y-axis) mapped across each day of the year (x-axis). KPIs comparison between Baseline scenario and Scenario
1: SS (a-b), SC (c-d), RER (e-f). Red area indicates acceptable values for accuracy calculation.

value (100 %). The concept of KPI accuracy, introduced in this work, is
essential for understanding the percentage of time a KPI meets certain
performance criteria and serves as a guiding indicator for design choices
and optimization processes. Accuracy represents a synthetic perfor-
mance indicator that complements the evaluation of annual KPIs by

providing insights into the dynamic trends of the KPIs. The comparison
between the Zero Energy Building (ZEB) and Zero Power Building (ZPB)
approaches, as shown in Table 9, reveals significant improvements in
both KPIs and accuracy when Baseline and Scenario 1 are compared.
In terms of Self Sufficiency (SS), annual KPI improves from 36.19 %

14
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Table 9
Annual KPIs and their dynamic accuracy a.
Building: KPI [%] agpy [%]
Bl Baseline Scenario 1 Baseline Scenario 1
SS 36.19 56.07 29.97 50.57
SC 36.24 59.15 13.77 45.03
RER 43.42 49.73 29.58 49.94
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Fig. 17. Yearly averaged KPIs comparison in different scenarios over the dis-

trict import/export physical boundary. 100 % is the maximum value achievable
by the KPIs.

to 56.07 %, while its accuracy (ags) increases from 29.97 % to 50.57 %.
Similarly, for Self Consumption (SC), the annual KPI improves from
36.24 % to 59.15 %, while its accuracy (as¢) experiences a more sub-
stantial improvement, rising from 13.77 % to 45.03 %. For the weighted
KPI, Renewable Energy Ratio (RER), although it undergoes a slight
improvement from 43.42 % to 49.73 % in the annual KPI, shows a large
margin of improvement in dynamic accuracy from 29.58 % to 49.94 %.

Static annual KPI assessment and dynamically assessed agp; accuracy
represent different concepts that cannot be directly compared since they
express different aspects of building performance. The accuracy
parameter aligns more closely with the Zero Power Building concept, as
it reflects the percentage of instances when specific performance metrics
are achieved, considering building dynamics. In contrast, static annual
KPI values are not applicable to the Zero Power framework as they do
not consider building dynamics.

The analysis extends to the entire district, comparing the perfor-
mance of Scenario 2 with the Baseline and Scenario 1. Again, the
physical boundary is widened to include the entire district and study
energy flows in the Import/Export boundary. Fig. 17 presents the results
for each KPI on an annual basis.

Scenario 2 performs better than both the Baseline and Scenario 1 in
terms of the defined KPIs. On average, Scenario 2 is 21 % better than the
Baseline and 5 % better than Scenario 1. This indicates that the choice of
centralized storage with energy sharing on a district level outperforms
other solutions in terms of yearly KPIs. In particular, Scenario 2 exhibits
the highest level of Self Sufficiency, making it the most independent
from the external grid, consistent with the results obtained from the
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analysis of the averaged power balance.

The ZPB methodology was applied to analyze KPIs at the district
level. Fig. 18 presents dynamic performance through yearly heatmaps
with hourly detail. Overall, district-level performance closely resembles
that of single buildings in terms of hourly patterns. The improvements
achieved by installing storage batteries in Scenarios 1 and 2 are evident
compared to the Baseline scenario. Comparing the two improvement
solutions, Scenario 2 performs better in specific timeframes, particularly
during the initial and final hours of each day, especially in the summer
season. The graph highlights hours that reach the acceptable accuracy
value in red, indicating when the performance meets the specified
criteria.

The proposed methodology includes an hourly dynamic and accu-
racy evaluation of Key Performance Indicators (KPIs) at the district
level. Table 10 presents the annual KPI values compared with their
respective accuracy values. Scenario 2 achieves better performance,
meeting the target values of each KPI for approximately 50 % of the
hours in a year. The comparison between annual KPIs and accuracy
values shows that Scenario 2 provides different performance improve-
ments. Self Sufficiency (SS) and Renewable Energy Ratio (RER) exhibit
similar progression in both annual KPI and accuracy. However, Self
Consumption (SC) experiences a more pronounced relative increase in
accuracy compared to the annual KPIs. This highlights the sensitivity of
onsite energy production, mainly assessed by SC, to hourly analysis and
the significant improvements that can be achieved with the use of
storage batteries.

The dynamic approach supported by the ZPB concept confirms as a
powerful tool for decision-making processes in early-stage planning
phases, especially for achieving energy improvements through onsite
resource exploitation, where storage systems can make a substantial
difference.

In conclusion, comparing the results obtained from yearly Key Per-
formance Indicators (KPIs) and accuracy values, the following points
can be noted:

e Yearly KPI assessment provides a rough description of district
behavior but may overstate realistic capabilities.

e Accuracy of a KPI, used as an alternative tool, highlights the dy-
namics of the district through a synthetic value, offering a more
realistic perspective.

The adoption of a centralized electrical storage on a district level
with energy sharing proves to be the most effective solution based on
the proposed energy assessment methodology. It significantly im-
proves both the independence from the external grid and the utili-
zation of onsite renewable resources.

5. Conclusions

This work proposes a new methodology to improve and overcome
the concept of Zero Energy Building and its limitations. To this regard,
the concept of Zero Power Building and its framework for application
and evaluation at a community scale were presented and introduced. To
encourage an upgrade for the ZEB definition, a realistic case study was
selected, to which the ZPB framework was applied by means of two
assessment tools: the averaged power balance and the KPI accuracy. The
results demonstrated the weaknesses of the ZEB and how the ZPB can
address them in line with the new principles of the 3 EPBD recast. In
conclusion, the outcomes of this work can be summarized as follows:

e The proposed definition of Zero Power Building overcomes the limits
of the Zero Energy Building concept, in terms of physical boundary,
weighting system and timeframe of analysis.

e Applying the current definition of ZEB leads to results that are not
representative of reality, generating misleading indicators that
confirm the gap between building design and operation.
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Fig. 18. KPIs hourly heatmap in different district scenarios: Baseline (a, d, g), Scenario 1 (b, e, h) and Scenario 2 (c, f, i). Red area indicates acceptable values for

accuracy calculation.

Table 10
Annual KPIs and their dynamic accuracy a, on district level.
District KPI [%] agpr [%]
Baseline Scenario 1 Scenario 2 Baseline Scenario 1 Scenario 2
SS 35.96 56.82 64.76 28.55 46.74 51.43
SC 35.24 58.77 63.47 12.64 50.01 53.42
RER 43.81 50.55 51.80 27.99 45.49 49.74

e The dynamic evaluation methods proposed by the ZPB framework,
such as the averaged power balance and the KPIs accuracy, are tools
capable of approaching the real behavior of the building.

The results obtained from the methodological application illustrated
in this paper have shown how a dynamic approach to the energy flow
balance of a building can correctly assess energy storage and sharing
performance. The case study district increased its Zero Power status
from 29 % to 50 % of annual hours thanks to the implemented strategies.
Regarding the selected KPIs, the dynamic approach was able to describe
the accuracy of the achievement of Self Sufficiency (SS), Self Con-
sumption (SC) and Renewable Energy Ratio (RER) targets, which
increased from 28.55 %, 12.64 % and 27.99 % to 51.43 %, 53.42 %,
49.74 % respectively, due to energy storage and sharing.

Overall, the proposed work aims to raise awareness of the need for an
update in the definition of ZEB, especially at a regulatory level, to favor a
correct evaluation of the building stock and allow the comparison be-
tween buildings belonging to different contexts. Also, this approach
might be a starting point to reconsider renovation and efficiency stra-
tegies towards decarbonization objectives.

Within the building energy efficiency and optimization practices, the
Zero Power concept could open up important insights and analysis
regarding building control and management systems, demand side
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management and optimization, advanced control algorithms and inte-
gration of renewable resources. All these practices, which are widely
studied in building physics, need an appropriate evaluation method to
understand their problems, potential and opportunities.

Finally, this work also demonstrated the applicability of the Zero
Power concept at the district scale. The proposed method confirms how
the definition of an appropriate physical boundary is fundamental ac-
cording to the objectives to be achieved. On a district scale, the Zero
Power methodology is applicable and confirms how the interaction
between buildings belonging to the same district can be rewarded if
properly evaluated.

5.1. Future developments

The outcomes derived from this study offer a singular perspective
among the potential applications of the Zero Power Building (ZPB)
framework. This work has only scratched the surface of the ZPB
framework’s possibilities by examining two improvement scenarios.
However, the adaptability of this framework extends to a vast array of
scenarios tailored to specific case studies, signifying a new direction in
building performance assessment. Subsequent developments will inev-
itably delve into exploring the influence of varied strategies on the Zero
Power Building concept. A comprehensive investigation into critical
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variables inherent to the Zero Energy Building (ZEB), such as delineating
the physical boundary and refining weighing systems, remains an
imperative aspect for further exploration within the ZPB framework.
Additionally, the assessment tools introduced herein will undergo
rigorous testing as means to support the initial design phase, seeking to
bridge the gap between design and operation in the building sector
(Biglia et al., 2021).

To achieve this, future developments of this work will endeavor to
further reduce the analysis timeframe to the minute range (15 mins or
less). This approach, consistent with the transition from Zero Energy to
Zero Power Building, will strive to close the performance gap between
design and operation. Moreover, it will seek to synchronize building
performance evaluations with the energy billing, typically conducted by
grid managers at sub-hourly intervals.

Finally, this work’s prospective application extends to contributing
to regulatory advancements in the sphere of energy assessment for
forthcoming and existing buildings. Particularly, the Zero Power
approach emerges as a pivotal tool supporting decarbonization and
energy efficiency policies outlined in the latest recast of the European
Energy Performance of Building Directive. Furthermore, the proposed
framework integrates into the development of novel frontiers for energy
and environmental certifications for buildings, offering a remarkably
flexible assessment tool adept at accommodating diverse requirements
from multiple certifying entities across different jurisdictions.

Appendix A. - Model data

A.1. Model calibration data
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This section reports the main results obtained from the calibration process of the numerical models of the case study buildings. Although this
process was not the subject of this paper, the main results that were subsequently used as a starting point for the applications in this paper are reported.
Table A1 shows the main thermophysical parameters that were subjected to the calibration phase, indicating the design starting values and those

obtained following the model calibration.

The validation of the calibration process was carried out, for each building, on the basis of the daily heating demand. Table A2 shows the annual

values simulated and monitored during the monitoring campaign.

Table Al
Model calibration data.

Building Internal gains [W] Infiltration [h ~ 1] Occupancy (people*hr) Occupancy profile
Design Calibrated Design Calibrated Design Calibrated Design Calibrated
Bl 1769.09 1727.25 0.22 0.41 153,300 133,371 SIA 2024 Monitored
B2 1713.60 1732.82 0.21 0.39 153,300 124,173
B3 1757.99 1727.25 0.22 0.54 153,300 170,163
B4 1536.02 1568.65 0.21 0.34 153,300 126,473
B5 1516.05 1548.31 0.21 0.32 153,300 150,234
B6 1624.81 1559.06 0.23 0.37 153,300 156,366
B7 1618.15 1559.06 0.23 0.39 153,300 141,343
Table A2
Yearly heating demand calibration results and error.
Building Yearly heating demand [MWh]
Simulated Monitored Error

Bl 17.523 17.719 -1.10 %

B2 17.643 17.551 0.52 %

B3 21.832 22.842 —4.42 %

B4 15.909 16.948 —6.13 %

BS 15.472 15.507 —0.22 %

B6 17.250 18.433 —6.42 %

B7 16.919 17.524 —3.45%
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A.2. Heating demand for buildings

Fig. A1 shows the hourly heating demand for each case study building simualted in this study.
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A.3. Internal gains for buildings
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Fig. A2 shows the hourly internal gains for each case study building simualted in this study.

4 B1 4 B2

g 210 g 210 5

5 5 4
=4 =4 =
= = =35
=5 2, =
>3 =3 >
B2 2 2
2,1 2 22
w 2 w2 w

1 1 1

0 0 D

0 2000 4000 6000 8000 0 2000 4000 6000 8000 0 2000 4000 6000 BOOO
Hours Hours Hours
4 B4 4 B5 4 B6
5 %10 . . i 6 =10 i . . 6 =10 . ; . .

=y
F-S

Energy [kWh]
(%]

[R+]

Energy [kWh]
W

F-y

Energy [kWh]
Wl

2 2
1 1 1
0] 0 0
0 2000 4000 6000 BOOO 0 2000 4000 6000 8000 0 2000 4000 6000 BOOO
Hours Hours Hours
6 x10% B7

F

Energy [kWh]
)

]

0 2000 4000 6000 80OOO
Hours

Fig. A2. Building hourly internal gains, expressed in kWh.

References

Abokersh, M. H., Gangwar, S., Spiekman, M., Valles, M., Jiménez, L., & Boer, D. (2021).
Sustainability insights on emerging solar district heating technologies to boost the
nearly zero energy building concept. Renewable Energy, 180, 893-913. https://doi.
org/10.1016/J.RENENE.2021.08.091

Amato, A., Bilardo, M., Fabrizio, E., Serra, V., & Spertino, F. (2021). Energy evaluation of
a PV-based test facility for assessing future self-sufficient buildings. Energies, 14(2),
329. https://doi.org/10.3390/en14020329

Biglia, A., Ferrara, M., & Fabrizio, E. (2021). On the real performance of groundwater
heat pumps: Experimental evidence from a residential district. Applied Thermal
Engineering, 192, Article 116887. https://doi.org/10.1016/j.
applthermaleng.2021.116887

19

Bilardo, M., Cattaneo, F., Dioni, E., Liberi, E., Milocco, L., & Serale, G. (2020).
Community Energy for enhancing the energy transition. CERN IdeaSquare Journal of
Experimental Innovation, 4(2), 7-18. https://doi.org/10.23726/C1J.2020.1050

Bilardo, M., Galata, S., & Fabrizio, E. (2022). The role of primary energy factors (PEF) for
electricity in the evaluation and comparison of building energy performance: An
investigation on European nZEBs according to EN 17423:2020. Sustainable Cities and
Society, 87(104189), 1-16. https://doi.org/10.1016/J.5CS.2022.104189

Bilardo, M., Sandrone, F., Zanzottera, G., & Fabrizio, E. (2021). Modelling a fifth-
generation bidirectional low temperature district heating and cooling (5GDHC)
network for nearly zero energy district (nZED). Energy Reports. https://doi.org/
10.1016/j.egyr.2021.04.054

Bruck, A., Diaz Ruano, S., & Auer, H. (2022). Values and implications of building
envelope retrofitting for residential positive energy districts. Energy and Buildings,
275, Article 112493. https://doi.org/10.1016/J.ENBUILD.2022.112493


https://doi.org/10.1016/J.RENENE.2021.08.091
https://doi.org/10.1016/J.RENENE.2021.08.091
https://doi.org/10.3390/en14020329
https://doi.org/10.1016/j.applthermaleng.2021.116887
https://doi.org/10.1016/j.applthermaleng.2021.116887
https://doi.org/10.23726/CIJ.2020.1050
https://doi.org/10.1016/J.SCS.2022.104189
https://doi.org/10.1016/j.egyr.2021.04.054
https://doi.org/10.1016/j.egyr.2021.04.054
https://doi.org/10.1016/J.ENBUILD.2022.112493

M. Bilardo et al.

Calise, F., Cappiello, F. L., Cimmino, L., Dentice D’accadia, M., & Vicidomini, M. (2022).
Optimal design of a 5th generation district heating and cooling network based on
seawater heat pumps. Energy Conversion and Management. https://doi.org/10.1016/j.
enconman.2022.115912

CEN - European Committee for Standardization. (2018). EN ISO 52000-1:2018 energy
performance of buildings - Overarching EPB assessment - Part 1: General framework and
procedures (ISO 52000-1:2017). https://www.iso.org/standard/65601.html.

D’Agostino, D., Minelli, F., D’Urso, M., & Minichiello, F. (2022). Fixed and tracking PV
systems for net zero energy buildings: Comparison between yearly and monthly
energy balance. Renewable Energy, 195, 809-824. https://doi.org/10.1016/J.
RENENE.2022.06.046

Dacos, L.. Future scenarios for low energy buildings in the Swiss Alps: energy
consumption and production (date accessed: 28/07/2023). Master thesis. Haute
Ecole Libre Mosane. https://www.helmo.be/Outils/Bibliotheques.aspx.

de Santoli, L., lo Basso, G., & Nastasi, B. (2017). The potential of hydrogen enriched
natural gas deriving from power-to-gas option in building energy retrofitting. Energy
and Buildings, 149, 424-436. https://doi.org/10.1016/j.enbuild.2017.05.049

European Parliament. (2018). Directive (EU) 2018/844 of the European parliament and
of the council of 30 may 2018 amending directive 2010/31/EU on the energy
performance of buildings and directive 2012/27/EU on energy efficiency (date
accessed: 16/10/2018). Official Journal of the European Union, 2018(October 2012).
Issue https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018L0
844&from=EN.

European Parliament. (2012). Directive 2012/27/EU of the european parliament and of
the council of 25 October 2012 on energy efficiency, amending directives 2009/125/
EC and 2010/30/EU and repealing directives 2004/8/EC and 2006,/32/EC (date
accessed: 16/10/2018). Official Journal of the European Union, 14/11/2012(October
2012). https://doi.org/10.3000/19770677.1,_2012.315.eng

European Parliament. (2023). Energy performance of buildings (recast). Amendments
adopted by the european parliament on 14 march 2023 on the proposal for a directive of
the European parliament and of the council on the energy performance of buildings
(recast) (date accessed: 03/10/2023) https://www.europarl.europa.
eu/doceo/document/TA-9-2023-0068_EN.html#title2.

Ferrara, M., Fabrizio, E., Virgone, J., & Filippi, M. (2015). Appraising the effect of the
primary systems on the cost optimal design of nZEB: A case study in two different
climates. Energy Procedia, 78, 2028-2033. https://doi.org/10.1016/j.
egypro.2015.11.200

Figueiredo, A., Kampf, J., Vicente, R., Oliveira, R., & Silva, T. (2018). Comparison
between monitored and simulated data using evolutionary algorithms: Reducing the
performance gap in dynamic building simulation. Journal of Building Engineering, 17,
96-106. https://doi.org/10.1016/J.JOBE.2018.02.003

Fumo, N., & Chamra, L. M. (2009). Analysis of combined cooling, heating, and power
systems based on source primary energy consumption. Applied Energy, 87,
2023-2030. https://doi.org/10.1016/j.apenergy.2009.11.014

Gudmunds, D., Nyholm, E., Taljegard, M., & Odenberger, M. (2020). Self-consumption
and self-sufficiency for household solar producers when introducing an electric
vehicle. Renewable Energy, 148, 1200-1215. https://doi.org/10.1016/J.
RENENE.2019.10.030

IEA - International Energy Agency. (2022). Buildings (date accessed: 25/11/2022). IEA
(2022), Buildings. Paris: IEA. https://www.iea.org/reports/buildings,License:CC.
BY.4.0. https://www.iea.org/reports/buildings.

IEA - International Energy Agency. (2018). Global Energy & CO 2 status report (date
accessed: 25/11/2022) https://www.iea.org/events/global-energy-co2-status-report

Jokinen, 1., Lund, A., Hirvonen, J., Jokisalo, J., Kosonen, R., & Lehtonen, M. (2022).
Coupling of the electricity and district heat generation sectors with building stock
energy retrofits as a measure to reduce carbon emissions. Energy Conversion and
Management, 269, Article 115961. https://doi.org/10.1016/J.
ENCONMAN.2022.115961

Kampf, J. H. (2009). On the Modelling and Optimisation Of Urban Energy Fluxes. [EPFL].
https://doi.org/10.5075/EPFL-THESIS-4548

Kang, Y., Ma, N., Bunster, V., Chang, W. C. V., & Zhou, J. (2022). Optimizing the Passive
House Planning Package simulation tool: A bottom-up dynamic approach to reduce
building performance gap. Energy and Buildings, 276, Article 112512. https://doi.
org/10.1016/J.ENBUILD.2022.112512

Kelly, S., Crawford-Brown, D., & Pollitt, M. G. (2012). Building performance evaluation
and certification in the UK: Is SAP fit for purpose? Renewable and Sustainable Energy
Reviews, 16(9), 6861-6878. https://doi.org/10.1016/J.RSER.2012.07.018

Kurnitski, J., & Hogeling, J. (2022). How to set primary energy requirements so that poor
building envelope cannot be compensated with extensive PV? The REHVA European
HVAC Journal, 59(4), 5-9. https://www.rehva.eu/rehva-journal/chapter/ho
w-to-set-primary-energy-requirements-so-that-poor-building-envelope-cannot-be-co
mpensated-with-extensive-pv.

Kurnitski, J., Allard, F., Braham, D., Goeders, G., Jagemar, L., Kosonen, R., et al. (2011).
How to define nearly net zero energy buildings nZEB - REHVA proposal for
uniformed national implementation of EPBD recast (date accessed: 27/11/2023).
REHVA Journal, 6-12.

Sustainable Cities and Society 101 (2024) 105136

Kurnitski, J. (2013). Technical definition for nearly zero energy buildings (date accessed:
27/05/2022). Journal of the Federation of European Heating, Ventilation and Air
Conditioning Associations, 50(May-03), 22-28.

Lopes, R. A., Martins, A. J., Aelenei, D., & Lima, C. P. (2016). A cooperative net zero
energy community to improve load matching. Renewable Energy. https://doi.org/
10.1016/j.renene.2016.02.044

Lu, F, Yu, Z,, Zou, Y., & Yang, X. (2022). Energy flexibility assessment of a zero-energy
office building with building thermal mass in short-term demand-side management.
Journal of Building Engineering, 50, Article 104214. https://doi.org/10.1016/j.
jobe.2022.104214

Mauree, D., Coccolo, S., Kaempf, J., & Scartezzini, J. L. (2017). Multi-scale modelling to
evaluate building energy consumption at the neighbourhood scale. PLoS One, 12(9),
Article e0183437. https://doi.org/10.1371/JOURNAL.PONE.0183437

Mittal, A., Krejci, C. C., Dorneich, M. C., & Fickes, D. (2019). An agent-based approach to
modeling zero energy communities. Solar Energy. https://doi.org/10.1016/j.
solener.2019.08.040

Musall, E., & Voss, K. (2014). Renewable energy ratio in net zero energy buildings (date
accessed: 25/05/2022). Rehva Journal, 14-18. May.

Narula, K. (2013). Renewable Energy Certificates (RECs) in India — A performance
analysis and future outlook. Renewable and Sustainable Energy Reviews, 27, 654-663.
https://doi.org/10.1016/J.RSER.2013.07.040

Negishi, K., Tiruta-Barna, L., Schiopu, N., Lebert, A., & Chevalier, J. (2018). An
operational methodology for applying dynamic Life Cycle Assessment to buildings.
Building and Environment, 144, 611-621. https://doi.org/10.1016/J.
BUILDENV.2018.09.005

Nihal, G., Giil, G., Gokgiil, F., & Eicker, U. (2023). Sustainability analysis of zero energy
consumption data centers with free cooling, waste heat reuse and renewable energy
systems: A feasibility study. Energy, 262, Article 125495. https://doi.org/10.1016/j.
energy.2022.125495

Pérez-Lombard, L., Ortiz, J., Gonzélez, R., & Maestre, 1. R. (2009). A review of
benchmarking, rating and labelling concepts within the framework of building
energy certification schemes. Energy and Buildings, 41(3), 272-278. https://doi.org/
10.1016/j.enbuild.2008.10.004

Pinto, G., Kathirgamanathan, A., Mangina, E., Finn, D. P., & Capozzoli, A. (2022).
Enhancing energy management in grid-interactive buildings: A comparison among
cooperative and coordinated architectures keywords: Deep reinforcement learning
(DRL) building energy flexibility soft actor critic (SAC) multi agent reinforcement
learning (MARL) Grid-interactive buildings. Applied Energy. https://doi.org/
10.1016/j.apenergy.2021.118497

Rager, J., Poumadere, F., Von Gunten, D., Kaempf, J., & Kuchler, F. (2019). OSCARS:
Optimized energy network-based Solutions CompAred to Retrofitting Scenarios - Final
Report (date accessed: 10/01/2023). https://www.aramis.admin.ch/Grunddaten/?
ProjectID=38444&Sprache=en-US.

Reddick, C., Sorin, M., Bonhivers, J. C., & Laperle, D. (2020). Waste heat and renewable
energy integration in buildings. Energy & Buildings, 211, Article 109803. https://doi.
org/10.1016/j.enbuild.2020.109803

Remund, J., Miiller, S., Schmutz, M., & Graf, P. (2020). Meteonorm Version 8 (date
accessed: 22/11/2022). European Joint Research Centre (Ed.). 37th European PV
Solar Energy Conference and Exhibition (EU PVSEC) (pp. 1-2). EUPVESC www.mete
onorm.com.

Savolainen, R., & Lahdelma, R. (2022). Optimization of renewable energy for buildings
with energy storages and 15-minute power balance. Energy, 243, Article 123046.
https://doi.org/10.1016/J.ENERGY.2021.123046

SHC - Solar Heating & Cooling Programme, & IEA - International Energy Agency.
(2015). Task 40 (EBC Annex 52) Net Zero Energy Solar Buildings. SHC Position Paper
(date accessed: 30/05/2022) https://www.iea-shc.org/data/sites/1/publications/ie
a-she-nzeb-position-paper.pdf.

Todeschi, V., Boghetti, R., Kampf, J. H., & Mutani, G. (2021). Evaluation of urban-scale
building energy-use models and tools—application for the city of fribourg,
Switzerland. Sustainability, 13(4), 1595. https://doi.org/10.3390/SU13041595,
2021Vol. 13, Page 1595.

Troup, L. N., Fannon, D. J., & Eckelman, M. J. (2020). Spatio-temporal changes among
site-to-source conversion factors for building energy modeling. Energy & Buildings,
213, Article 109832. https://doi.org/10.1016/j.enbuild.2020.109832

Weinberger, G., Amiri, S., & Moshfegh, B. (2021). Investigating techno-economic effects
and environmental impacts of energy renovation of residential building clusters on a
district heating system. Energy and Buildings, 251, Article 111327. https://doi.org/
10.1016/J.ENBUILD.2021.111327

Zhan, S., Dong, B., & Chong, A. (2023). Improving energy flexibility and PV self-
consumption for a tropical net zero energy office building. Energy and Buildings, 278,
Article 112606. https://doi.org/10.1016/J.ENBUILD.2022.112606

Zhou, Y., Cao, S., & Hensen, J. L. M. (2021). An energy paradigm transition framework
from negative towards positive district energy sharing networks—battery cycling
aging, advanced battery management strategies, flexible vehicles-to-buildings
interactions, uncertainty and sensitivity analysis. Applied Energy, 288, Article
116606. https://doi.org/10.1016/J.APENERGY.2021.116606

20


https://doi.org/10.1016/j.enconman.2022.115912
https://doi.org/10.1016/j.enconman.2022.115912
https://www.iso.org/standard/65601.html
https://doi.org/10.1016/J.RENENE.2022.06.046
https://doi.org/10.1016/J.RENENE.2022.06.046
https://www.helmo.be/Outils/Bibliotheques.aspx
https://doi.org/10.1016/j.enbuild.2017.05.049
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018L0844&tnqh_x0026;from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018L0844&tnqh_x0026;from=EN
https://doi.org/10.3000/19770677.L_2012.315.eng
https://www.europarl.europa.eu/doceo/document/TA-9-2023-0068_EN.html#title2
https://www.europarl.europa.eu/doceo/document/TA-9-2023-0068_EN.html#title2
https://doi.org/10.1016/j.egypro.2015.11.200
https://doi.org/10.1016/j.egypro.2015.11.200
https://doi.org/10.1016/J.JOBE.2018.02.003
https://doi.org/10.1016/j.apenergy.2009.11.014
https://doi.org/10.1016/J.RENENE.2019.10.030
https://doi.org/10.1016/J.RENENE.2019.10.030
https://www.iea.org/reports/buildings,License:CC.BY.4.0
https://www.iea.org/reports/buildings,License:CC.BY.4.0
https://www.iea.org/reports/buildings
https://www.iea.org/events/global-energy-co2-status-report
https://doi.org/10.1016/J.ENCONMAN.2022.115961
https://doi.org/10.1016/J.ENCONMAN.2022.115961
https://doi.org/10.5075/EPFL-THESIS-4548
https://doi.org/10.1016/J.ENBUILD.2022.112512
https://doi.org/10.1016/J.ENBUILD.2022.112512
https://doi.org/10.1016/J.RSER.2012.07.018
https://www.rehva.eu/rehva-journal/chapter/how-to-set-primary-energy-requirements-so-that-poor-building-envelope-cannot-be-compensated-with-extensive-pv
https://www.rehva.eu/rehva-journal/chapter/how-to-set-primary-energy-requirements-so-that-poor-building-envelope-cannot-be-compensated-with-extensive-pv
https://www.rehva.eu/rehva-journal/chapter/how-to-set-primary-energy-requirements-so-that-poor-building-envelope-cannot-be-compensated-with-extensive-pv
http://refhub.elsevier.com/S2210-6707(23)00745-X/sbref0028
http://refhub.elsevier.com/S2210-6707(23)00745-X/sbref0028
http://refhub.elsevier.com/S2210-6707(23)00745-X/sbref0028
http://refhub.elsevier.com/S2210-6707(23)00745-X/sbref0028
http://refhub.elsevier.com/S2210-6707(23)00745-X/sbref0027
http://refhub.elsevier.com/S2210-6707(23)00745-X/sbref0027
http://refhub.elsevier.com/S2210-6707(23)00745-X/sbref0027
https://doi.org/10.1016/j.renene.2016.02.044
https://doi.org/10.1016/j.renene.2016.02.044
https://doi.org/10.1016/j.jobe.2022.104214
https://doi.org/10.1016/j.jobe.2022.104214
https://doi.org/10.1371/JOURNAL.PONE.0183437
https://doi.org/10.1016/j.solener.2019.08.040
https://doi.org/10.1016/j.solener.2019.08.040
http://refhub.elsevier.com/S2210-6707(23)00745-X/sbref0034
http://refhub.elsevier.com/S2210-6707(23)00745-X/sbref0034
https://doi.org/10.1016/J.RSER.2013.07.040
https://doi.org/10.1016/J.BUILDENV.2018.09.005
https://doi.org/10.1016/J.BUILDENV.2018.09.005
https://doi.org/10.1016/j.energy.2022.125495
https://doi.org/10.1016/j.energy.2022.125495
https://doi.org/10.1016/j.enbuild.2008.10.004
https://doi.org/10.1016/j.enbuild.2008.10.004
https://doi.org/10.1016/j.apenergy.2021.118497
https://doi.org/10.1016/j.apenergy.2021.118497
https://www.aramis.admin.ch/Grunddaten/?ProjectID=38444&tnqh_x0026;Sprache=en-US
https://www.aramis.admin.ch/Grunddaten/?ProjectID=38444&tnqh_x0026;Sprache=en-US
https://doi.org/10.1016/j.enbuild.2020.109803
https://doi.org/10.1016/j.enbuild.2020.109803
http://www.meteonorm.com
http://www.meteonorm.com
https://doi.org/10.1016/J.ENERGY.2021.123046
https://www.iea-shc.org/data/sites/1/publications/iea-shc-nzeb-position-paper.pdf
https://www.iea-shc.org/data/sites/1/publications/iea-shc-nzeb-position-paper.pdf
https://doi.org/10.3390/SU13041595
https://doi.org/10.1016/j.enbuild.2020.109832
https://doi.org/10.1016/J.ENBUILD.2021.111327
https://doi.org/10.1016/J.ENBUILD.2021.111327
https://doi.org/10.1016/J.ENBUILD.2022.112606
https://doi.org/10.1016/J.APENERGY.2021.116606

	From Zero Energy to Zero Power Buildings: A new paradigm for a sustainable transition of the building stock
	1 Introduction
	1.1 The zero energy building concept: definition limits and KPIs constraints
	1.2 Strategies to achieve zero energy target: literature review
	1.3 Aim of the work

	2 Methodology
	2.1 From zero energy to zero power buildings: a new framework
	2.2 Methods of analysis for zero power buildings
	2.2.1 The averaged power balance
	2.2.2 Key performance indicators for (n)ZPB


	3 Case study application
	3.1 Simulation environment
	3.2 Model calibration
	3.3 Case study improvement scenarios

	4 Results
	4.1 Energy balance vs averaged power balance: ZEB vs ZPB
	4.2 Dynamics KPIs: from ZEB to ZPB

	5 Conclusions
	5.1 Future developments

	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A – Model data
	A.1 Model calibration data
	A.2 Heating demand for buildings
	A.3 Internal gains for buildings

	References


