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Abstract: Since 2020, Europe has introduced strategies and key policies to promote common efforts
on a roadmap toward energy efficiency and decarbonization. From ‘low” to ‘passive” and from “zero’
to “positive’, the concepts have fascinated the scientific community around the globe and promise
the deployment of planning responses to the challenges of decarbonization faced by the European
and local agendas. This works provides an overview of a comprehensive understanding of emerging
concepts with a focus beyond the boundaries of an individual building. The booklet of 51 European
projects, firstly introduced in Joint Programming Initiative documents, unveiled the prioritization of
energy efficiency and the path for the enhancement of environmentally friendly communities. In this
sense, this work presents an overview of the Net-Zero Energy Districts, and beyond, namely through
the discussion of different aspects and dimensions. Based on published scientific literature, this work
collects, organizes and discusses approaches of European cases, concluding with the knowledge base
to support further developments and reinforce an established pathway for future implementations.

Keywords: case-study analysis; climate change; positive energy districts; zero-energy strategies

1. Introduction

The United Nations’ latest IPCC report (2021) argues that the scenario faced is that
11 years remain before triggering an irreversible climate disaster on Earth [1]. Increasing
evidence reveals the gravity of climate mitigation at macro and micro levels [2], making
a roadmap toward a clean energy transition a priority, and perhaps one of the greatest
challenges of humankind. In his book, ‘The 3rd Industrial Revolution’, Rifkin underlines
that “our houses must become a power plant using geothermic, solar, wind, even rubbish will be a
major source of energy” [3]. Saheb et al. accentuate highly energy-efficient buildings as the
cornerstones of decarbonization with meaningful impact [2]. Nevertheless, reducing global
emissions calls for long-term transformations in production processes, daily mobility and
adapted behaviors and strengthens the need for synergies among actors and citizens.

Nevertheless, achieving decarbonization in 30 years is a huge challenge requiring
systemic and radical urban transformations. Climate-neutral cities have a mission to ad-
dress climate adaptation and attenuation through resilient strategies, risk and vulnerability
assessments and concrete actions. As innovation hubs, European cities are the global fore-
runners able to tackle this challenge and accelerate this transition, along with the mission
for carbon neutrality, to boost a twofold objective [4]:

a.  Setting the GHG reduction target by 2030 at 100%;
b.  Leading a systemic and comprehensive adaptation through the development of
bottom-up and horizontal governance mechanisms.
In this pathway, there has been a rapid increase in initiatives and interest to make
pledges to this transition by mid-century (Figure 1) [5]:

Sustainability 2022, 14, 15812. https:/ /doi.org/10.3390/su142315812

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su142315812
https://doi.org/10.3390/su142315812
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-8189-3191
https://doi.org/10.3390/su142315812
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142315812?type=check_update&version=1

Sustainability 2022, 14, 15812

2 0f23

L 100% @
= o
3 e
g 40 ................................................................................................................... 80% E
= .0 @
2 o)
3 30 ....................................................................................................... ol I 60% 8
'S o
c o

2015 2016 2017 2018 2019 2020 2021
Q1
In policy documents <+ <<= Global CO, covered (right axis)

I n law W Proposed

Figure 1. Total final consumption and demand by mitigation measures in zero-energy scales.

In reality, the dawn of this engagement finds its roots at the early beginning of the 1950s
with the ECSC and the EURATOM Treaty (1957), intended to bring together knowledge-
and infrastructure-sharing and promote the peaceful use of nuclear energy [6]. In this arena,
several other relevant policies provided a legislative framework to enable MS to reach its
targets. In this sense, important milestones in the path towards tackling climate change
appeared in 2007—the “2020 Climate and Energy Package” [7]—and, later, in October 2014
with the definition of the “2030 Climate and Energy Framework” [8]. In 2018, in line with
the EU’s commitment to global climate action under the Paris Agreement [9], the European
Commission set out on the “2050 long-term strategy” for a climate-neutral EU, looking at
all the key sectors and exploring pathways for this transition [10].

These main roadmaps and strategies have crystallized during the last decades in a
set of regulatory packages that pave the way to reaching these ambitions. It is, however,
commonly agreed that is necessary to scale up to district-level approaches, since they are
one of the potentially most effective approaches to speed up the decarbonization process.
This point is mentioned in different recommendations, such as CR-EU 2019/786 of 8
May 2019 on building renovation [11] or the update of the EPBD in 2018 which states
that the Commission “shall review this Directive by 1 January 2026 at the latest” and
“as part of that review, ( ... ) examine in what manner Member States could apply integrated
district or neighborhood approaches in Union building and energy efficiency policy ( ... ) using
overall renovation schemes applying to several buildings in a spatial context instead of a single
building” [12]. In addition, the “Renovation Wave Strategy”, one of the energy-related
actions of the European Green Deal and published by the European Commission in 2020
to double the annual energy renovation rate of buildings, remarked upon the necessity of
developing district and community approaches and integrating renewable solutions for
creating zero-energy districts, since “aggregating projects at this level may lead to zero-energy or
even positive energy districts” (Table 1) [13].

Table 1. EU 1st Climate and energy package objectives and progress.

Field of
Application

Objectives 2020

What Does It Mean?

Where Are We?

Renewable energies

GHG emissions

Energy efficiency

20% of energy consumed from RES in
final energy consumption

10% in the transport
sector

20% reduction compared to 1990 levels

Saving 20% of the EU’s primary energy
consumption by 2020

20% is the overall, EU-wide goal, but
each Member State has different national
targets

10% of the transport sector must come
from RES sources such as biofuels

No more than 4501.1 MtCO,e in 2020

No more than 1078 Mtoe of final energy
consumption by 2020

14.1% RES of gross
final
energy consumption in 2012
24.2% share of RES in gross electricity
generation
5.1% share of RES in fuel consumption
of transport
In 2012, the EU 28 emitted 4544.2
MtCO,e
1104.4 Mtoe of final energy consumption
in 2012 (down from 1130.9 Mtoe in 2000)
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1.1. Research Scope

In this paper, the authors contextualize the accelerating efforts to seek the operational-
ization of high-energy-performance districts and present a systematic analysis of selected
projects of European portfolios. So far, the perception of PEDs has been predominately
researched from a technological perspective. Nevertheless, in-depth comprehension of
the concept requires a focus on the multifaceted analysis of organizational, legal, financial,
urban and institutional issues as well as effective instruments and structures. In this work,
the spectrum definitions for PEDs through the different levels and dimensions is leveraged
over a portfolio of 51 projects. The literature gap is unveiled and the extant challenges are
filtered to achieve significant contribution toward synthesizing and enriching the concepts
along with practical examples and accomplishments.

1.2. Structure

After a brief historical analysis of the concept’s origin, a comprehensive understanding
of the ‘zero’ to the ‘positive’ energy ambition is introduced. A systematic review is followed
underlining the importance of boundaries and the interest of the urban scale to enable the
penetration of 2050 decarbonization strategies, emphasizing PEDs as pivotal means of con-
tributing to a transition away from fossil fuel dependence and toward urban resilience. The
remainder of the manuscript is organized as follows: Section 3 contributes to the embedded
challenges and constraints of the pathway for the ‘zero’ to ‘positive’ roadmap. Section 4
proposes a booklet of 51 European projects as paramount to energy efficiency initiatives,
while Section 5 synthesizes the main findings and challenges for further development. The
work plan and the organization of the study are presented in Figure 2.

2. SPECTRUM OF DEFINITIONS AND COMPREHENSIVE ANALYSIS OF THE CONCEPT
i 3. UNDERSTANDING THE TERMS' EVOLUTION
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Figure 2. Work plan and organization.

2. Understanding the Concepts—A State-of-the-Art Analysis

Starting with a comprehensive analysis of the concepts is an important lever to identify
the lessons learnt and the evolution of the diverse applications of energy autonomy. The
existing literature and previous works propose an umbrella of definitions, sometimes
contradictory; a prism of them is provided in this section.

2.1. Brief Historical Background

The origin of the “zero-energy’ concept is traced back to 1976, when Esbensen and
Korsgaard studied the solar heating of an experimental residential building (Figure 3) [14]
and dubbed it the ‘Zero Energy House’ [15].
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Figure 3. The first experimental ‘zero-energy’ house (1976).

At the pathway towards building-scale zero-energy strategies, other prototypes are
considered:

e the ‘Impact 2000 house’ built by the Boston Edition to demonstrate to the public state-
of-the-art energy technologies and conservation techniques (including photovoltaic
arrays, passive heating systems, air-to-air heat exchanger, etc.) [16];

o the prototype of ‘Carlisle house’, developed in 1980 for the US Department of Energy
as the first building with an integrated PV system, included an exemplar residential
roof and was known for its passive solar heating and cooling systems. Carlisle is the
first residential building in US powered by a utility-interactive PV system with no
fossil fuel needs and which exports surplus power [17];

e the pioneering realizations proposed by Rolf Disch based on a solar estate of “plus-
energy houses’ in Freiburg (Germany) built towards a holistic testing ground for
ecological constructions, with plus-energy dwellings (50 terraced houses) being one of
the major components [18];

e the manifesto of Powerhouse at Brattorkaia (Norway), the world’s northernmost
energy-positive building, setting new construction standards and producing more
than twice as much electricity as it consumes daily with RES supplied to itself, neigh-
boring buildings, etc., through a local microgrid. The building leverages a series of
technologies and noticeably reduces the energy used for its operation [19].

Nevertheless, it was only in the early 2000s when the concept gained traction in both
research and policymaking due to its demonstrated success [8].

2.2. Spectrum of Definitions

Whereas the understanding of the zero-energy idea sounds simple, a range of termi-
nologies exists currently in the literature. The NZEB concept has been primarily linked
to an evolution of bioclimatic architecture and passive housing [6] and has introduced
an integrated and comprehensive approach to energy efficiency and on-site (or nearby)
production [20]. Broadly, the idea was explained as an ‘autonomous’ building targeted to
operate with the off-grid generation of all energy required, without referring to connections
to the “grid” [21].

A thorough analysis, proposed by Brozovsky et al., searching Scopus and Web of
Science (updated in 2021) with the filters of ‘article title’, ‘abstract’ and ‘keywords’ unveils
a plethora of relevant studies on the building level (more than 2000 documents) [22].
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D’Agostino and Mazzarella launched an in-depth and similar analytical process provided

in Table 2 [23].

Table 2. Overview of main terms in the literature around the zero-energy concept in buildings.

Reference(s)

Acronym

Description

Attributes

A yearly energy-neutral building that

[24] (net) ZEB Net-Zero-Energy Building delivers as much energy to the grid as
it draws back.
ZE(emissions)B Zero-Emissions Building Carbon emissions balance.
(25] Ener, ilding in i
g g gy balance by a building in its
ZE(energy)B Zero-Energy Building day-to-day operation.
NZSiEB Net-Zero-Source-Energy Building A building produces at its location as
h it ly.
[26] Net Zero Site Energy Building Net-Zero-Site-Energy Building much energy as it uses yearly.
NZEC Net Zero Energy Cost (Building) Energy cost annual-basis balance.
A building with a national,
271 NZEB Nearly Zero-Energy Building cost-optimal energy use greater than
Zero.
Autonomous ZEB Autonomous Zero-Energy Building Standalone and 'en'ergetlcally
autonomous building.
[28] A building produces more energy
+ZEB Energy-Plus Building from renewables than it imports
annually.
PV-ZEB Photovoltaic Zero-Energy Building A building with a low energy demand
and a PV system.
Wind-ZEB Wind Zero-Energy Building A 1()1u11d1ng witha lgw elr;_e rgy demand
[29] and an on-site wind turbine.

PV-Solar thermal heat pump ZEB

Photovoltaic Solar thermal heat pump
Zero-Energy Building

A building with heat and electricity
demand and a PV system.

Wind-Solar thermal heat pump ZEB

Wind Solar thermal heat pump
Zero-Energy Building

A building with low heat and
electricity demand.
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2.3. Expansion of the Concept on Urban Scale

Even though the debate about the definitions of ‘district’ (and/or ‘neighborhood’)
has not yet come to a consensus, the terms are accepted by their original significance
and relation to a ‘community” [30]. The transition beyond single buildings to include
larger scopes increases the complexity of the different approaches and is found in several
theories [31]. Figure 4 is an example of the rising scientific interest in this challenge [32].
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Figure 4. Rising interest of the scientific community in the zero-energy concept on an urban scale.
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Especially concerning the spatial dimension, there are terms, usually ambiguous,
about when to call a ‘cluster of buildings” or a ‘neighborhood” or a ‘district’, a ‘block’,
a ‘community’, etc., but also a vast terminology to express zero-energy patterns. Most
used are: ‘nearly Zero Energy Neighborhood” (NZEN), ‘Positive Energy Block” (PEB),
‘Energy Positive Neighborhood” (EPN), ‘Low Carbon District Heating’ (LCDH), ‘Zero
Energy District’ (ZED), "Zero Carbon District/Neighborhood’ and ‘Net Zero Exergy District’
among others. To address this problem, Brozovksy et al. argue that the proportion of the
literature using the term ‘neighborhood” to express the boundaries outweigh those using
‘district” or even ‘block’, while most of the more frequently used terminology is related to
the energy or emission balance over a specific accounting period (usually within a year),
and use of the term ‘low carbon’ is fairly vague [22].

A first approach towards the definition of zero-energy districts is found in the works
of Carlisle et al. [33], stating that:

[ ... .J'"a net-zero energy community has greatly reduced energy requirements through
energy efficiency gains of vehicles; thermal and/or electrical energy within the community
is met by RES’.

In 2014, Marique et al. adapted this definition, considering the energy consumed in a
district as the “sum of the demand of each dwelling and the mobility of its users’ [34]. Kennedy
and Sgouridis [35] questioned the challenge, whereas Todorovic searched for the role of
simulation tools in zero-energy urban planning [36].

Among the related topics, the research concludes:

e  The majority of the publications focus on energy systems, energy sharing and GHG
emissions (e.g., EU, 2010) in buildings, on-site supplies, etc. A large part addresses multi-
energy systems and resource management (e.g., [13,14,37]), while an assessment of energy
production is also commonly found (e.g., [38—40]) or even of the inclusion of storage
systems, with some articles focusing on thermal (e.g., [41]) or on electrical storage.

e  From another angle, the research project ZenN [42] proposes a definition whereby the
global energy demand of a residential cluster meets the local energy production by
resources on-site in renovating processes, considering the neighborhood as a sum of
buildings. In this sense and by analogy, the Nearly Zero-Energy District is a part of
a city with ‘nearly zero or very low amount of energy covered to a very significant
extent by energy from renewable sources produced on-site or nearby’. Frequently,
Mixed-Integer Linear Programming was used, as well as Model Predictive Control [43]
or a non-linear model to simulate the distribution and connection to the public grid.
Boccalatte et al. discussed the optimal arrangement of building-integrated PV to reach
zero-energy layouts [44].

e  Stakeholder engagement: utility of a ‘smart energy community’, ‘innovative pub-
lic procurement’ [45] or ‘citizen empowerment’ [46], ‘Public-Private” synergies [47]
or even the visualization of key factors for improved participatory processes and
governance mechanisms [48] are discussed.

e  Urban morphology: historically, the correlations between density, energy consumption
and mobility were thoroughly investigated; for instance, in the study of Newman
and Kenworthy [49]. Amaral et al. reviewed urban parameters influencing the en-
ergy balance in NZEDs [50]. Guarino et al. studied solar energy optimization in the
Mediterranean in line with a parametric analysis of geometrical and other relevant fac-
tors [51]. Wang et al. suggested an indicator system design exploring the relationship
between the land-use data [52] and household CO; emissions in Beijing [53], while
others (e.g., [54]) developed cartographical visualization to assess the influence of
urban form and building typology on the energy performance and carbon emissions
(cases in Macau and Chi). Other authors analyze assessment methods for energy use
in urban forms, such as the creation of energy modeling systems of the embodied
energy.

Refs. [55-57].
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Social aspects: Tironi performed research on a public experiment in the form of a
laboratory in Santiago de Chile, where a district was temporarily transformed through
a design process to monitor the air pollution and the microclimate [58]. Woods and
Berker discussed the limitations and potential associated with the concept of ‘living
labs” in zero-energy patterns in a Norwegian case [59].

Lindholm et al. [60] provided a synthesis of zero-energy terms that addressed building-
or urban-level applications and focus on energy efficiency, renewable resources, storage
and trading (Table 3). As a comparative analysis, the Table below reveals the complexity
within the concepts” understanding of the relevant approaches; nonetheless, despite the
differing angles of analysis, all the concepts agree on the balance and increase of RES share.

Table 3. Synthesis of zero-energy definitions (adapted by [60]).

N Energy Renewable ) (B: Building or
Term Definition Efficiency Energy Energy Storage Energy Trading D: Districts) Reference
covers a large amount of
its demand with the
NZEB on-site or nearby RES % % x x B
A building that generation.
e exports a particular
amount of energy to the X v X v B
grid. (4]
consume any type of x % x % B
energy.
A ZEB does not..
release any type of % x x % B
emissions.
A net-zero- generates all the energy
source-energy it consumes based on X v N/A X B
building ... . primary consumption.
A covers the cost of
net-zero imported energy by
Engrg_y cost exporting on-site RES x v x v B
uilding ... .
generation. [61]
An autonomous generates all the amount
Zero-energy of energy it consumes. x v x v B
building..
A photovoltaic
wind
zero-energy 4 v x x B
building ...
A photovoltaic requires a low energy
and solar demand covered by PV
thermal and heat  panels, solar thermal X v v X B [26]
pump collectors and heat
zero-energy .
building ... pumps
Wind and solar
thermal and heat
pump v v v X B
zero-energy
building ...
A building with negative
PEB annual energy Vv Vv Vv Vv B [62]
consumption.
A exports an amount of
e energy to the grid equal
get Zero-energy to what it imports from x v x v D (631
istrict ... it
An has energy demand
energy-positive lower than the supply X Vv X Vv D [64]

district...

from local RES.

To this end, Table 4 summarizes a set of methodological approaches and the advances
in the literature review complementary to Table 3 and the previous analysis. Summarizing
the existing studies, a lack of cross-sectoral and holistic views on the topic is observed,
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revealing the complexity and challenges of the topic in a multidimensional context (urban,

societal, legislative, etc.).

Table 4. Methods and tools found in the literature to support the study of the district scale (adapted from [50]).

Topic Objectives Methods Scale ! Reference(s)
Definitions of district scale ?pglrirjcrflhmal and qualitative D [33]
NZED Extensive analysis from building to Dvnamic simulations D [65]
district level Y
Development of a methodological Simplified energy demand D [66]
approach for evaluating NZED calculation
Strategic evaluation %ﬁgﬁg%{&%ﬁaswn analysis D [671
) . I ; . D [68]
Sustainability assessment tools Analysis of existing sustainability Benchmarking case study analysis 18] [69]
assessment tools Top-down and bottom-up D [70]
approaches
Il)Dlevilopment of residential solar Dynamic simulations (EnergyPlus) 18) [71]
Solar potential 0cks . .
Typo-morphological analysis and CitvCIM D [72,73]
solar potential y e
Urban morphology analysis for solar DIVA for Rhino D [74]
potential maximization
Impact of urban microclimate on Dynamic simulations U [75]
Urban microclimate buildings’ energy performance b -
Inclusion of Urban Heat Island effect =~ Combination of GIS with simulation U 76]
on the performance of the building (TRNSYS)
Analysis of load matching and grid . . .
. interaction in the role of NZEBs Data and information analysis B [77]
nergy systems . .
Evaluation of available energy PROMETHEE D 78]
sources for a district heating system
Optimization of urban energy Mixed integer linear program D [79]
systems
Impact of localization on energy Benchmarking analysis of energy D 180]
consumption consumption data
Urban energy modeling Optimization of a district heating Linear programmin D [70]
system prog &
Characterization of consumption Dynamic simulation coupled to a D 181]
patterns GIS platform
Development of a technical scenario
for a 100% RES city EnergyPLAN U (621
Solar access to support decision . .
processes focusing on sustainable 3D uibgn 1irglorn;a:1on sysrtrelznr\“ U [83]
urban design coupled with solar assessme
Computer tools Simulation of energy flows for CitvSim U/D 184]
sustainable urban planning ¥y
Urban layout optimization to Simulation/Optimization U 181]
maximize solar potential
Urban energy simulation and .
modeling for energy use in districts OpenStudio B/D/U [85,86]
Evaluation of building energy Canopy Interface Model and B 187]

consumption

simulation (CitySim)

1 B: Building, D: District, U: Urban.

Synthesizing the main findings of the literature, a bibliometric analysis to figure
out the correlations in line with the Scopus database is displayed using the keywords of
‘positive” and ‘energy’ for the published works from 2000 onwards. In particular, for the
building level, more than 3700 documents are detected (Figure 5) compared to 650 for the
district scale (Figure 6), endorsing the research gap and the complexity. Nonetheless, the
aggregation per country is similar; China, India and the United States aggregate more
than 1000 citations, whereas in Europe, Italy, the UK, Finland and Sweden have a notable
number of citations as well.
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Figure 6. Correlation of “positive’, ‘energy’, ‘districts’ (own elaboration by Scopus database).

3. From “Zero’ to ‘Positive’: A Rapid Evolution of the Concepts

After the overview of the main concepts presented in the previous section, an intro-
duction on PEDs’ milestones is provided along with the key pillars to be considered for
their implementation.
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3.1. TWG 3.2: An Introductive Dimension towards PEDs

To take advantage of the benefits of zero-energy applications, the EU launched the
strategy of ‘Plan Action 3.2: Smart Cities and Communities’ [88], being recognized as one
of the major tools to deliver the ‘Energy Union Strategy” and support the replication of 100
‘Positive Energy Districts” by 2025 [89]. In this challenging concept, the PEDs are defined as:
‘Energy-efficient and flexible urban areas or groups of connected buildings, which produce (net) zero
GHG emissions and actively manage an annual local or regional surplus production of RES’ [90].

The TWG 3.2 developed an integrative approach for positive-energy planning includ-
ing technological, spatial, regulatory, financial, legal, environmental, social and economic
perspectives, summarized as:

e apathway towards PED development in Europe and worldwide;

e the generation of a commitment to innovative research and implementation actions
for process monitoring;

e acontinuous PED management ensuring coordination of related activities.

The main functions of PEDs, as presented in the 3.2 Program (Figure 7), with the
ambition of reaching the COP21 targets are [9]:

e  Energy efficiency: achievement of an optimal reduction of energy consumption within
the PED balancing the requirements of the different sectors;

e  Energy flexibility functions: resilience and balance of the urban energy systems cou-
pling the storage potential towards their autonomy;

e  Energy production function (locally and regionally): optimal reduction of GHG emis-
sions and economic viability.

« PED Labs \a / PED Guides and Tools N
* National and transnational R&I *  PED Certification .
funding for PED Labs * Legal framework and regulations

* International Collaboration in R&I . : sl F““d"_’" Mo_dejs ‘ .
funding for PED Innovation  PED Capacity building and training

ctions Digital Planning and optimisation
~ A European

Public sector innovation
Positive Energy
Cities
100 Positive Energy Districts in
Europe committed by 2025

Stakeholder Involvement
' ,
/ PED Monitoring and \ / PED Replication and

hnology Assessment _/
Evaluation Wﬁtm/n/ Mainstreaming
*  Analysis of existing PED Actions *  City include PED development in
*  Monitoring and Evaluation of PED city strategies
pilots = City establishs the pre-conditions
* Recommendation of for PED development
common Performance *  City develops PED(s)

K Monitoring of PED / MNational and I"\ /

transnational R&l|

N

funding dedicated to

innowv on actions alon

the circular pathway

Figure 7. Pathways to Positive-Energy Districts in Europe (SET-Plan ACTION n°3.2 Implementation Plan).
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Regulatory stimuli and public funding for research projects led to a considerable
amount of dissemination as documented in the IEA report (Annex 83 on PED) [91]. Since
2018, the concept has been introduced to the debates acknowledging that the urban scale
has a major role in this process, making it a strategic key for carbon neutrality by 2050 [92].
Hinterberger et al. [93], in their "White Paper on the Reference Framework for Positive
Energy Districts and Neighborhoods’, defined the PED as a ‘group of connected buildings’;
however, in Annex 83 the description is provided without any clear focus on the GHG
emissions, merely: ‘A PED is an area within the city boundaries, capable of generating more
energy than is used, flexible and adequate to respond to the energy market variations. Rather
than simply achieving an annual net energy surplus, it supports in parallel a minimization of
impacts on the connected centralized networks by offering alternative options for increasing onsite
load-matching and self-use of energy and technologies. Nonetheless, reaching the PED ambitions
requires prioritizing the energy efficiency, cascading the local energy flows and using the low-carbon
flexibility to match the (annual) demand with the maximization of the local production, while in
parallel minimizing the burdens and optimizing their usefulness at large’.

Figure 8 represents a briefing on the concept and the interchangeable components
with possible connections of the district’s components to local energy production are also
found in the literature [94]:

Larger energy
system

T‘r

Apartment
block

District Sehoo!
Heatin 9
Facility Detached houses E
Making
City

Figure 8. PED components and interchangeable connections.

Yet, there is no unified and commonly acknowledged PED definition; meanwhile,
an adequate policy framework is required at regional and national levels to concretize
the boundaries, specify the objectives and reinforce the commitments and synergies. For
Europe, the ambition is noticeable [93]:

100 Positive Energy Districts in Europe are expected to be in concrete planning, con-
struction, or operation, synergistically connected to the energy system in Europe, by 2025.

From the above definitions, it is acknowledged that the PEDs” implementation re-
quires in-depth comprehension of contextual conditions, policies and strategies for user
adaptation [95]. Existing PED definitions address the fact that a PED is an added value to
the users and enables high-quality living standards.

3.2. Issues and Related Concepts

As an emerging concept, PED is developed along with several criteria, constraints and
levels of interpretation [64]:
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Primary energy indicators: conversion efficiency of the energy from primary sources
to the delivered carriers to the end users to convert the building demand and later to
evaluate its performance [20].

PED (and PEB) categorization: a variety of different types and categories of PED/PEBs
according to their (physical) boundaries.

EV integration: one of the main objectives of this concept is to minimize the negative
effects on the grid and reduce the need for energy transfer. Zhou et al. [96] analyze en-
ergy integration and its interaction between buildings and vehicles regarding different
energy forms, advanced conversions, storage systems, etc.

Energy integration as the driver for circular economy renewables and further efficiency:
achieving PEDs requires an integrated approach toward energy systems planning,
development and operations across all energy infrastructure. Buildings and urban
energy systems work together to optimize temperature levels, time of use and storage
opportunities to minimize total life cycle cost while also recording input from usage
patterns, weather predictions and future utility costs.

Citizen engagement, governance mechanisms and participation: incorporation of fact-
based and proactive communication, transparent and inclusive frameworks for public
participation in decision-making processes and efficient governance mechanisms.
RES integration at regional/local levels: development of demonstration technologies,
systems and solutions to match temperatures with locally available low-carbon sources
and other techniques to enable buildings” operation with low supplies and on-site
production in a cost-effective and sustainable process.

4. A Booklet of Good Practices

The Strategic Energy Technology Plan of 2008 and the Joint Programming Initiative de-

fined an outlook of PED projects (grouped into three categories: Implemented /In Operation
(2), Projects in Implementation Stage (18) and Projects in Planning Stage (8)).

The first Positive Energy Block in operation in Europe was the ‘Hikari” project (‘light”

in Japanese) and was completed in 2015, described by Roccamena et al. [92]. Located on
the most emblematic site of the new Confluence District, it brings together commercial,
residential and leisure functions in the southwest of the center of the French city of Lyon
(Figure 9). Key development targets of this particular project include high environmental
patterns, harnessing technology, walkability and QoL indices as well as the social, cultural
and economic vibrancy designed to bioclimatic standards.

S

Ay

Figure 9. View of Hikari, first PED project in France (ORenaud Araud).



Sustainability 2022, 14, 15812

13 of 23

) N
2

4.1. Results

For this study, a portfolio of 51 European projects with zero or positive targets is
discussed, analyzed and compared (Figure 10). A concentration of PED projects appears in
Norway, Italy, Finland and the Netherlands.
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Figure 10. Number of analyzed (European) projects within the zero- (or positive)-energy context per

country.

On the other side, Table 5 unveils in more detail the overview of these projects in each
country; the majority of them include at conception comprehensive urban strategies against
climate change and toward mitigation beyond energy efficiency. Representative examples

are provided in Table 6.

Table 5. List of representatives in the literature with PED ambitions (adapted from [97]).

City

Name of the Project

Overview

Reference(s)

Aland Island, Finland

Carquefou, France
Alkmaar, The Netherlands
Amsterdam, The Netherlands

Bilbao, Spain

Oslo, Norway

Beaerum, Norway

Bode, Norway
Elverum, Norway

Graz, Austria

Groningen, The Netherlands

Oulu, Finland

Limerick, Ireland

Smart Energy Aland (pilot project)

Fleuriaye west

PoCiTYF

ATELIER

Furuset project—ZEN Pilot Project

Fornebu2, Beerum—ZEN Pilot Project

NyBy—Ny Flyplass (New City—New
Airport), Bode4
Ydalir project

City District Development
Graz-Reininghaus

Making-City

+CityxChange

Urban energy system based on RES.

Increase in comfort level, QoL, carbon
neutrality, and transposable economic model.
Citizen and community engagement
strategies with open innovation and
co-creation activities.

Demonstration project of RES, storage and
digitalization strategies.

Energy analysis of the new neighborhood,
including three pilots located in different
areas.

Pilot projects with renewal strategies
including infrastructure renewal considering
energy, waste, water, traffic, green
landscaping and social issues.

Innovation hubs to test new solutions for the
construction, operation and use of carbon
neutrality.

New solutions for the construction, operation
and use of carbon neutrality.

New neighborhood with high energy and
emission ambitions.

Demonstration of the vision of energy
self-sufficient, CO,-neutral city districts.
Demonstration of the urban energy system
transformation toward smart and low-carbon
cities.

Development of new integrated strategies to
address the urban energy system
transformation toward low-carbon cities.
Development of value-added solutions for
replication in other EU cities as well as the
exploitation of commercial markets.

[98]
[99]

[100]

[101]

[102]

[102]

[103]

[104]

[105]
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Table 5. Cont.

City

Name of the Project

Overview

Reference(s)

Voru (Estonia)

Innovative solutions for decreasing CO,
emissions and user adaptation.

Magurele, Romania Laser Valley—Land of Lights Accelerator for city development. [106]
L . . Pilot project within the Research Centre on
Stor-Elval Municipality (Norway) Campus Evenstad (ZEN pilot project) Zero Emission Neighborhoods. (1071
Development of campus for excellent
Trondheim (Norway) ZEN pilot project research, education, dissemination and
innovation.
Development of a new neighborhood on the
Bergen (Norway) Zero Village (pilot project) outskirts of Bergen. Autonomy and RES
utilization.
Espoo (Finland) SPARCs Virtual Positive Energy communities. [108]
Redevelopment of a part of the city into the
Parma (Italy) Castelletto first PED. [109]
Paterna First eco-district in Spain to create social and
(Spain) Barrio La Pinada environmental value and an attractive [110]
P environment.
Climate-, cultural-, socio-economic-specific
Rome : approach for urban energy efficiency.
(Ttaly) Pietralata PED Integrated innovative solutions for o
PEBs/ districts.
Tampere . New residential area in an urban
(Finland) llokkaanpuisto environment. (2]
Trento Refurbished four public building complexes
(Italy) Santa Chiara Open Lab supplied with an innovative geosolar heating ~ [113]
y and cooling supply concept.
Vienna Zukunftsquartier Decarbonization and development of
. q sustainable, safe and affordable energy [114]
(Austria) (Future Quarter) N
supply strategies.
Table 6. List of representative cases with energy efficiency objectives (but not PED concepts) (adapted
from [97]).
City Name of the Project Overview and Description of the Project Reference(s)
Dramumen Jacobs Borchs Gate A mixture of electric, biomass and gas/oil.
(Norway)
Mieres - . Project for urban heat network in the
(Spain) District heating Poze Barredo municipality of Mieres. [115]
MOSFOIES Mostoles Ecoenergias Heating and DHW system with RES.
(Spain)
Henningsdorf . District heating with 100 % renewable and
(Germany) Heat Hub Henningsdorf carbon neutrality by 2025.
Odense Coal consumption Already reduced from
(Denmark) Coal phase out by 2025 ~900,000 t/y in 2010.
&Siz(l)aon d) Smart Otaniemi Piloting area for a new type of smart energy. [116]
Grenoble Citv-wide proiect RES integration and innovative solutions for [17]
(France) yrwide projec storage and carbon neutrality.
Gyor Gyor Geothermal District Heating Enhancement of the geothermal energy to the [118]
(Hungary) project heating system of the district.
Pioneering smart city projects based on a mix
Lund
Cityfied of demonstration, technology, renovation [119]
(Sweden) . .
strategies and sound business models.
Milano i}z;esd electric mobility in 10 Mobility In making smart cities a reality, a district has [120]
(Italy) (Sharing Cities project) been identified for implementation.
Hammarby Sjostad Citizen-driven initiatives; the key is to
(Sweden) Hammarby Sjostad 2.0 develop sustainable solutions. [121]
Vienna Concept of guidelines and tools for solutions
X SCITHOS to make the transition towards socially [122]
(Austria) . .
responsible tourism.
Zurich . Minergie-P standards and heated with waste
(Switzerland) Hunziker Areal heat. [123]
Bolzano . . Ambitious investment plan for large-scale )
(Italy) Sinfonia urban refurbishment. [124]
Floren The intervention of old existing individual
orence REPLICATE heating systems with high-performance [125]
(Ttaly) .
micro-DHS.
Graz . Implementation of smart technologies for a
(Austria) My Smart City Graz sustainable, livable and intelligent district. [126]
. - . . Construction of two thermal power plants
F(l}orma) Dgsgrlc.t I(;Ieatmg Municipal Company using biomass with a total installed capacity [127]
reece or Amindeo of 30 MWth (2 x 15 MW).
Helsinki Innovative technological solutions in
(Finland) mySMARTIife connection with energy refurbishment of [128]

buildings.
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Table 6. Cont.

City Name of the Project Overview and Description of the Project Reference(s)
Hoogeveen - Contribution to the energy transition with a
(ThegNetherlands) Hydrogen district Hoogeveen techno-economic blueprignyt. [129]
Climate-neutral district in the area of the
Kai former sewing machine factory Pfaff close to
aiserslautern Pfaff Quarti the cit " [130]
(Germany) aff Quartier e city center. ) ' :
Living lab workshop and an electric vehicle
and battery lab.
Malmo Klimatkontrakt Hyllie Aims to be the most climate-smart district in [131]
(Sweden) the region.
Four questions are developed for this project:
. How do we gain a grip on the
determinants for the energy transition
in local communities?
. How do we develop smart solutions in
which energy transition, sustainable
Arhem Community-focused energy transition life-long housing and enhancing [132]
(The Netherlands) comfort converge?
. How can individual and collective
behavioral change be established in
local communities?
. How can we transfer local insights in
the approach to energy transition to
other communities?
Brusgels Positive 4 North Promotion of social cohesion and citizen [109]
(Belgium) involvement.
Freiburg Development of a climate-neutral city
(Germany) Dietenbach quarter with about 6500 apartments for [133]
15,000 inhabitants. -
L Highly adaptable and replicable systemic
ecce SmartEnCit approach towards urban transition into
(Italy) Y PP

sustainability.

4.2. Analysis of Realized and Under-Construction Projects in a Zero- or Positive-Enerqy Context

in Europe

In line with the criterion of the implementation phase of the analyzed projects, the
conducted analysis study reveals the level of complexity and the multifaceted dimensions
of their context, including the societal and economic barriers complementing the technical
ones. Figure 11 portrays the cartographical distribution of the analyzed projects in the
European continent unveiling the pioneering role of the Netherlands and Norway (five
projects, respectively, with PED concepts under construction) in the process, while Sweden
and Spain seem to have obtained already the first lessons learnt with realized projects in

their territories.

Powered by Bing
© GeoNames, Microsoft, TomTom

P
1
. 0
A
VolSme~
? Powered by Bing
—— © GeoNames, Microsoft, TomTom

Figure 11. Number of (studied) European projects within a zero- (or positive)-energy context under

construction (left) and realized (right).
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Denmark
Belgium

Germany
Greece

Switzerland

Complementary to the previous statements, the analysis provides the prioritization of
the projects’ targets per country. As expected, the first concern for a plethora of countries
is energy efficiency and the minimization of the environmental impacts due to climate
change in order to reply to the 2030 and 2050 engagements (Figure 12). To respond to these
objectives, countries prioritized the mutualization of different technologies and available
on-site resources to maximize local production. The analysis emphasizes the prioritization
of solar potential (solar panels and PVs) and heat pumps or geothermal exploitation.
The organization of storage has rising interest for many cities as well towards autonomy.
Notably, of lessening priority are the projects in economic or social contexts.

Italy

Estonia
Romania
Treland

Austria

Spain

Norway |

The Netherlands

Sweden
Hungary

France

Finland

[
—
=3

15 20 25 30 35

BEnergy MEnvironment ©Economy M Society B Other

Figure 12. Number of projects per objective(s) in European studied cases.

5. Conclusions and Future Challenges

The deployment of the energy efficiency roadmap provides a framework for intensified
efforts by all European Member States from 2020 onwards to develop strategies to deal with
the inherent challenges of energy consumption associated with GHG emissions. Significant
work has been explored around the globe on possible variations of the zero-energy idea
at the building level on models for design calculations and outreach of case studies. Even
though there is a lack of far-reaching definitions to characterize the concept, namely on an
urban scale, it consists of a promising design for the mitigation of climate change for the
coming decades toward a clean energy transition and an inclusive economy. Under the
Europe 2020 strategy, the flagship initiatives supported resource-efficient and low-carbon
communities, while the pathway is reinforced toward the 2030 and 2050 horizons for higher
standards of living and minimized impacts with robust and resilient action plans.

This works provides an overview of comprehensive understandings of the concepts’
evolution from ‘zero’ to ‘positive’ energy transitions, underlying the strong engagement
on an urban scale and the need for intensive efforts to achieve climate change mitigation.
To move beyond the boundaries of an individual building—applying the concepts of
energy efficiency from an urban planning perspective—increases the complexities and the
respective level of implementation difficulty; however, it also fosters an overall design
to overcome the existing barriers for financial, societal or other reasons. In reply to this
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challenge, the Program on PED (Action 3.2) supports the replication of 100 PEDs across
Europe by 2025, reaching the goal set by the COP21 agenda.

The booklet of 51 European projects, under construction or realized, unveiled and
confirmed the prioritization of the key policies of energy efficiency and the path toward the
enhancement of environmentally friendly communities. The analysis also highlighted not
only the importance of energy mutualization for the diverse technologies and RES exploita-
tion, but also the compelling constraints of social acceptance and financial limitations.

An enhancement of the studies to unify the concepts and assess the feasibility of
their implementation is a primary concern. When moving to the urban scale to analyze
the district as a whole, additional design factors have a significant role in performance
evaluation, and the literature has evidenced a lack of appropriate methodologies and
tools that account for all these parameters, either for researchers or practitioners and
stakeholders.

Hence, in this sense, this work presented a literature review on the NZED—and
beyond—concepts, namely, through the discussion of different aspects to take into account
when designing or studying. Based on published scientific literature, this work collected,
organized and discussed approaches of European cases, while concluding with contribut-
ing to establishing a knowledge base to support further developments and reinforce the
established pathway for future implementations.
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Nomenclature

Abbreviation Definition

BEMS Building Energy Management Systems
CE4E Clean Energy for all Europeans

CIM City Information Modeling

ECSC European Coal and Steel Community
EURATOM European Atomic Energy Community
EPBD European Performance Building Directive
EPN Energy-Positive Neighborhood

EVs Electric Vehicles

EU European Union

GIS Geographical Information Modeling
GHG Greenhouse Gas (emissions)

HEMS Home Energy Management Systems

IEA International Energy Agency

IPCC Intergovernmental Panel on Climate Change
JPI Joint Programming Initiative

LCDH Low-Carbon District Heating

NREL National Renewable Energy Laboratory
nZEB nearly Zero-Energy Building

NZEB Net-Zero-Energy Building

NZEC Net Zero-Energy Cost

NZED Net-Zero-Energy District(s)
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NZEN Net-Zero-Energy Neighborhood

PEB Positive-Energy Block

PED Positive-Energy District(s)
PROMETHEE  Preference Ranking Organization Method for Enrichment Evaluations
PV Photovoltaic

QoL Quality of Life

RES Renewable Energy Sources

SET Strategic Energy Technology

TRNSYS Transient Systems Simulation Program
TWG Temporary Working Group

ZEB Zero-Energy Building

ZenN Zero-Energy Neighborhood(s)
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