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Positive Energy Districts (PEDs) are emerging as a new symbol for sustainable urbanism and energy transition in
the built environment. The pursuit of PED development is increasingly rooted in several EU policies and ini-
tiatives, sparking discourse on the interplay between governance, technological and non-technological solutions,
multiple stakeholders, and the dynamics of urban and climatic contexts. As their name suggests, PEDs are
characterized by surplus renewable energy generation; however, recent developments in urban environmental
science emphasize the critical need for an integrated approach to achieve the key performance indicators of the
UN 17 Sustainable Development Goals (SDGs). Consequently, PED designs must dynamically integrate several
stakeholders. These complexities intersect with urban challenges such as urban heat islands, microclimates,
nature-based solutions integration, future climatic conditions, resource availability, social vibrancy, connectiv-
ity, walkability, economic activity, and more. Current tools are fragmented, severely limiting their ability to
support such a multifaceted design process. This paper describes a holistic framework for tools and methods for
PED design through a set of relevant questions. Drawing upon the expertise of nine researchers with comple-
mentary practical and scientific experience in various aspects of district-scale environmental performance
analysis, we offer a comprehensive overview of the scopes, methods, metrics, and toolchains for PEDs, along with
available tools to integrate them into different phases of the design process. This paper highlights both the
challenges and opportunities ahead, emphasizing the cutting-edge methods and tools necessary to achieve
robust, resilient, and data-driven processes for PED designs in a dynamic, multi-scale, and multi-disciplinary
urban environment.

drivers of this trend include a transition from isolated building-focused
approaches to a comprehensive focus on urban-scale energy and envi-
ronmental performance, along with the nearly zero-energy design policy
[1], highlighting on-site renewable energy generation and energy bal-

1. Introduction

Global climate and urban challenges have spurred a shift in urban

design towards resilience and sustainability. Rapid urbanization in the
digital age of a changing climate, necessitates data-driven policies and
tools to balance diverse environmental factors, including energy, carbon
emissions, and indoor and outdoor environmental quality, in a multi-
stakeholder context. This shift has elevated the discourse on positive
energy districts (PEDs) as an emblem of decarbonized urban design. Key
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ance. Recent European Union policies have amplified the importance of
PEDs, with the goal of establishing 100 operational PEDs across Europe
by 2050 [2], in alignment with prior EU initiatives like the 100
climate-neutral cities by 2030 [3]. These policies have sparked the
formation of various working groups and initiatives, including the Eu-
ropean strategic energy technology (SET) Plan Action 3.2, the
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Nomenclature

PED positive energy district

SDG sustainable development goal

ZEB zero energy building

Al artificial intelligence

ML Machine learning

LCA life cycle assessment

BIM building information modeling

ICT information and communication technology

BEM building energy modeling
UBEM  urban building energy modeling
REN renewable

NO-REN non - renewable

H&C heating and cooling

DHW domestic hot water

EL electricity

COg2¢4-UP COy¢q emissions (use-phase)
CO2¢4-LC  COyq emissions (life cycle)
EE-LC embodied energy (life cycle)
CO5-UP CO- emissions (use-phase)
PE-UP  primary energy (use phase)
CO2¢q CUPM COyq emissions (construction, use phase, mobility)

PED-CUPM primary energy demand (construction, use phase,

mobility)
DL daylight
IAQ indoor air quality
TC thermal comfort
UHI urban heat island
IC investment cost
PBT payback time
NPV net present value
O&M operation and maintenance costs
IPCC intergovernmental panel on climate change
GCM global climate models
RCM regional climate models
UCM urban climate modeling
POE post occupancy evaluation
EV electric vehicle
IoT internet of things
U1 user interface
Ux user experience
DR demand response
TSO transmission system operator
DSO distribution system operator

PED-EU-NET EU COST action program, and the international energy
agency (IEA) Annex 83. Numerous research studies support these ini-
tiatives, exploring different aspects of PEDs, from their overarching
framework [4] and precise definitions [5] to diverse implementation
approaches [6] and their role in renovation projects [7], among other
considerations.

The joint programming initiative (JPI) Urban Europe defines PEDs
[8] as “energy-efficient and energy-flexible urban areas or groups of
connected buildings that produce net zero greenhouse gas emissions and
actively manage an annual local or regional surplus production of
renewable energy. They require integration of different systems and
infrastructures and interaction between buildings, the users, and the
regional energy, mobility, and information and communication tech-
nology (ICT) systems, while securing the energy supply and a good life
for all in line with social, economic, and environmental sustainability.”
This comprehensive definition underscores the multi-dimensional as-
pects of PED design, demanding novel tools and workflows to assess the
impact of various design variables on a range of environmental con-
siderations and facilitate communication with various stakeholders
throughout the design process.

Recent advances in computational tools enable more efficient and
precise assessments of various environmental criteria, including carbon
footprint, energy performance, and indoor and outdoor environmental
quality [9]. Parametric workflows and artificial intelligence (AI) are
increasingly integrated into evaluation processes (e.g., Ref. [10]),
extending the scope and scale of environmental performance assess-
ments from single buildings to larger urban districts [11]. These im-
provements strike a balance between analytical speed and accuracy,
facilitating seamless and, in some cases, interactive analyses. However,
the current landscape remains fragmented, lacking the necessary inter-
connectivity between tools and a holistic framework essential for
addressing the multi-dimensional challenges inherent in the design
process of PEDs.

While there is a global ambition to promote PEDs, as well as an
ongoing advancement in eco-computational urban design tools, a crit-
ical gap persists as these two domains lack integration. This integration
is crucial for effective, evidence-based PED design, especially when
considering the multifaceted nature of this process, which encompasses
various aspects, stakeholders, and performance criteria. The limited

number of available PED examples [8] illustrate a fragmented design
environment in which disparate tools and performance criteria support
different design objectives without continuity or a clear understanding
of the mutual impacts of variables and environmental performance
criteria. To bridge this gap, this paper leverages the authors’ collective
expertise in urban-scale environmental performance analysis to present
a comprehensive framework for relevant tools, methods, and workflows,
accommodating various design phases, stakeholder requirements, and
environmental objectives within PED designs.

The subsequent questions and answers concerning tools and methods
for PEDs encapsulate the multifaceted approach necessary to confront
contemporary challenges in optimizing high environmental perfor-
mance at the urban scale. These inquiries cover a spectrum of critical
aspects (Fig. 1): the role of tools in PED development (Q1), the impact of
scale (Q2), and the clarification of analytical boundaries, encompassing
metrics, benchmarks, and standards (Q3). Additionally, the underlying
analytical methodologies are explained in Q4, which forms the basis for
several available PED tools, categorized in Q5. The subsequent questions
(Q 6-9) clarify how these tools and metrics facilitate the design process,
addressing the holistic interplay among different aspects of PEDs (Q6),
their role in enhancing climate and urban resilience (Q7), their capacity
to support collaborative efforts from diverse stakeholders (Q8), and the
gaps that persist between theoretical principles and practical application
in PED design (Q9). This paper concludes with an exploration of pros-
pects, challenges, and opportunities for PED tools (Q10).

2. Ten questions and answers

2.1. What is the role of tools and methods in positive energy districts
design?

The term “positive energy districts” (PEDs) initially appears to focus
solely on the energy balance between supply and demand. However,
when viewed in the context of broader discussions encompassing the 17
sustainable design goals (SDGs), regenerative design, environmental
quality, and climate change, a more complex picture emerges. In this
discussion, it becomes essential to examine the role of tools and methods
in PED design within the larger performative framework required in our
contemporary era. This framework is directly influenced by four key



J. Natanian et al.

Building and Environment 255 (2024) 111429

10 Questions on Tools
and Methods for
Positive Energy

Q1 | Role of tools in PED design

Q2 | Scales and evaluation boundaries

Q3 | Metrics, benchmarks, and standards
Q4 | Analytical approaches and methods

Q5 | Tools classification

Q6 | Digital workflows

Q7 | Future climate and urban resilience

Q8 | Tools integration into the design phases

Q9 | Gaps in practice

~ Bistrict

Q10 | Outlooks, challenges, and opportunities

Fig. 1. Overview of the 10 Questions concerning tools and methods for PEDs discussed in this paper.

factors: (1) the shift in scale from single buildings to urban ecosystems;
(2) the transition from singular environmental objectives to multifac-
eted analyses; (3) the growing involvement of multiple stakeholders in
the design process; and (4) the increasing adoption of data-driven design
processes.

Transition from nZEBs to PEDs: The shift from nearly (net) zero
energy buildings (nZEBs or NZEBs) to positive energy districts (PEDs)
signifies a transition from individual building energy efficiency to
district-wide surplus energy generation and management in urban areas.
Despite their differences, both terms prioritize the energy balance be-
tween supply and demand, promoting on-site renewable energy gener-
ation. Research efforts in pursuit of nZEB [1] and ZEB goals have led to
studies focusing on energy performance prediction tools [12], renew-
able energy integration [13], life cycle assessment (LCA) [14], grid
integration [15], energy monitoring and verification [16], and occupant
behavior and user experience [17]. These efforts have also highlighted
the need to expand the concept of nZEBs to an urban scale and consider
both environmental quality and energy performance aspects within the
design process [18]. The PED concept, which evolved a decade later,
operates on similar principles: promoting surplus energy generation at
the district scale while aiming towards carbon neutrality, incorporating
further aspects like urban energy systems, energy mutualization, and
building energy interactions. This shift in scale necessitates the adap-
tation of existing tools and methods developed for individual nZEB
strategies to account for trade-offs between individual buildings and the
district concerning systems, conditions, and occupancy patterns.

Transition to Multi-Environmental Performance Objectives:
Since 2010, in parallel with the energy-centric discussions about ZEBs,
the introduction of the 17 SDGs in 2015, standards like WELL commu-
nity [19] and the Living Community Challenge [20] have introduced
various carbon and climate-related KPI frameworks related to outdoor
thermal comfort, wind comfort, urban heat islands, urban energy sys-
tems, and other ecologically related domains. This broader category of
ecology may include various ecological indicators related to biodiver-
sity, habitat preservation, green infrastructure, and water management.
It focuses on maintaining or enhancing the natural environment within
urban districts. The broader environmental performance perspective
underscores the challenge of simultaneously accounting for multiple
interrelated indicators during the design process. This challenge in-
volves exploring trade-offs between conflicting KPIs, such as solar
shading versus exposure analyses, visual versus thermal comfort factors,
tree canopy vs. building density, community versus building scale en-
ergy storage and supply systems, and more. Additionally, reconciling
different tools that measure indices using various simulation engines
with distinct input parameters and computational loads poses

difficulties. Finally, there is the unresolved issue of presenting and
weighing results to optimize multiple performative objectives at the
district scale.

Multi-Stakeholder Engagement Tools: Designing at the district
scale necessitates collaboration among a diverse set of stakeholders
[21], including design experts, homeowners, local communities, poli-
cymakers, urban ecologists, and energy service providers. Effective
collaboration among these stakeholders is indispensable for devising a
strategy that harmonizes the multifaceted objectives of such an ambi-
tious project, encompassing social, economic, and environmental con-
siderations. In the context of PED design, tools that support this
collaborative effort are of paramount importance. These tools should
enable iterative, multi-criteria decision-making through a cohesive
platform that brings together the insights and inputs of all stakeholders.
They should not only facilitate the integration of diverse expertise but
also promote a widely participatory design process. To address a sig-
nificant gap in PED design practices, these tools should offer a contin-
uous conceptual framework that guides stakeholders throughout the
various stages of the design process. This framework ensures that design
decisions are not made in isolation but are part of a holistic and inclusive
approach to creating sustainable and resilient urban districts.

Embracing Data-Driven Design: The role of tools in PED design
should be viewed in the broader context of the architectural shift toward
data-driven processes [22]. This transformative shift is propelled by a
range of innovative methods and technologies, including smart controls,
Al digital twinning, and Building Information Modeling (BIM). These
technologies serve as bridges between the physical and digital di-
mensions of design, potentially revolutionizing the entire design process
and offering multifaceted benefits, spanning prediction and evaluation,
collaboration, optimization, and operational phases. These technologies
bridge the physical and digital realms, potentially revolutionizing the
design process and offering benefits across the entire spectrum of design
activities, from prediction and evaluation to collaboration, optimiza-
tion, and operation. BIM, for instance, has already demonstrated its
value in supporting higher performance decision-making on the build-
ing scale. A prominent trend within data-driven design involves the
transition toward parametric and generative workflows. Within plat-
forms like Grasshopper, designers can engage in rapid and interactive
exploration of an extensive design space, drawing insights from diverse
data sources and simulation engines. These workflows offer exceptional
adaptability to different Key Performance Indicators (KPIs) and scales.
Furthermore, their efficacy is increasingly bolstered through integration
with Al enhancing designers’ ability to make informed decisions.

In summary, designing PEDs in the digital regenerative era requires
an adaptive set of tools capable of engaging multiple stakeholders or
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addressing diverse KPIs to inform and potentially optimize the design
process at various phases. The following sections will delve into the
various dimensions associated with this multifaceted objective.

2.2. How different scales and evaluation boundaries are changing the
analytical perspective of PEDs?

Researchers involved in different projects and initiatives are engaged
in defining the scales and boundaries of PEDs to help municipalities,
planners, and other stakeholders exploit their potential [5,23]. Although
this discussion is ongoing, there is broad consensus that upscaling from
the building to the district scale is not a mere sum of single building
methods and requirements [24]. On the one hand, aggregations of
buildings allow for more efficient management of energy supply and
demand; on the other hand, additional complexities related to boundary
definition and an increased number of interdependent design factors
must be taken into account [25]. Thus, new analysis tools and methods,
and domains such as infrastructural and environmental, come into play.
We discuss here four categories of methods and tools for the design of
PEDs related to as many operational scales: the spatial scale, the system
scale, the microclimate scale, and the hybrid scale.

The spatial scale of hundreds or thousands of buildings in a district
requires different energy analysis methods and tools from the single
building scale, for two reasons. The first is the uncertainties related to
the limited cadastral information and unavailable energy use data of the
existing stock and the few pieces of information available on new
buildings during the early stages of design. In this regard, PEDs planning
can leverage urban building energy modeling (UBEM) tools that use
building archetypes based on function that accelerate the energy
modeling of entire districts [26] and on tools that allow the automatic
subdivision of floors in schematic core and perimeter zones [27]. The
second is the very long energy simulation times required by the urban
scale. To shorten times while guaranteeing results reliability, methods
were developed that use a few thermal zones assigned to building fa-
cades clustered by insolation levels [28] integrated into district energy
analysis tools [29]. Further, researchers proved the reliability of
simplified metrics based on solar radiation and shading, building form,
and urban density to predict energy use without the need for simulations
[301.

The planning of PEDs can benefit from the synergetic integration of
the building domain with other urban analysis domains, such as the
district systems one, to improve the efficiency of demand and supply
management. The optimization of the heating system network topology
in consideration of different thermal plant options, heating distribution
scenarios, and simulated building energy use allowed to reduce full-site
energy, greenhouse gas emissions, and the cost of purchased utilities
[31]. The selection of different building clusters in consideration of
decentralized or centralized systems and onsite PV energy generation
allowed to explore district scenarios with reduced CO2 emissions and
heating costs and to identify KPI relationships [32].

A holistic approach to PEDs planning includes consideration of the
accessibility of open areas that is significantly influenced by different
urban climate phenomena characteristic of urban environments with
different densities and fabrics, urban surface materials, and by the en-
ergy use of buildings. Thus, PEDs evaluation boundaries need to
consider the microclimate scale of the outdoor domain and environ-
mental design goals. The block scale was considered to investigate the
influence of trees and grass patches of varying building cluster forms on
wind comfort in public areas [33]. The neighborhood scale was
considered to analyze the effect of dense historic urban fabric with high
thermal mass surfaces on the mean radiant temperature of the outdoor
environment and consequent perceived temperatures by dwellers [34].
The district and city scales were used to analyze the effects of compo-
sition, spatial pattern, and green type of urban green spaces on land
surface temperature to measure the potential urban heat island effect
[35].
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The consideration of the building and spatial scales and of the out-
door domain in the planning of PEDs, can take advantage of recently
developed digital methods and tools operating at the hybrid scale,
integrating different simulation workflows to analyze the combined
fulfillment of several KPIs of the design solution. Some studies analyzed
energy use and generation load match, indoor daylight availability, and
all-year outdoor thermal comfort of building clusters different for ty-
pology [36], density, and envelope characteristics [37], while others
focused on layout variations of the same office building cluster in
different existing urban environments for cooling energy use reduction
and outdoor thermal comfort improvement during the hot season [38],
and of patterns variations of residential building clusters in an existing
urban environment to guarantee facade sunlight exposure as recom-
mended by local regulations and outdoor wind comfort according to
established metrics [39].

In conclusion, the analytical perspective of Positive Energy Districts
(PEDs) is influenced by different scales, such as the spatial scale deter-
mined by the number of buildings under consideration, and the domain
scale, which integrates different systems like buildings and heating
networks. Additionally, different evaluation boundaries come into play
to integrate energy goals with others, such as livability in spaces,
necessitating microclimate considerations. Upscaling to district levels
requires new tools and methods, while considering outdoor microcli-
mates and environmental goals enhances holistic planning. Integration
of various simulation workflows enables comprehensive performance
evaluation.

2.3. Which metrics, benchmarks and standards are used to assess PEDs?

Several definitions within the field of PEDs and high-performance
neighborhoods refer to very similar entities. Among the most
commonly mentioned are Net Zero Emission Neighborhood, Net Zero
Energy District, Positive Energy Community, Sustainable Plus Energy
Neighborhood, Nearly Zero Energy Neighborhood, Net Zero Energy
Community, Low Energy District, Nearly Zero Energy District, Net-Zero
Energy District, and Positive Energy Block [7,40]. These definitions
share several aspects [7], including the definition of a specific
geographical boundary and a particular quantitative benchmark for
meeting the definition. Positive energy districts are usually more
quantitative in their balance definition and refer to some qualitative
issues that need consideration. In addition to the previously mentioned
JPI Urban Europe definition [8], more technology-oriented definitions
[41] delve into energy flexibility in more detail. They encompass not
only a mere mathematical energy balance but also aspects such as
load-matching, self-use, short- and long-term energy storage, smart
controls, and connection to the energy grid. All available PED definitions
identify a quantifiable metric that should be computed and adhere to a
precise mathematical clause. Typically, the chosen metric involves en-
ergy for heating, cooling, and electricity within the focus buildings
during the operational stage of the neighborhood. Other solutions
consider carbon emissions during the use stage of the district, calculated
primarily from the energy consumption of operating the buildings. This
has implications for comparing results between PEDs in different
geographical areas, as the outcomes are directly influenced by carbon
equivalent emission factors and the characteristics of national energy
production systems.

To quantify these metrics, clear boundary conditions are necessary,
which can either be geographical or virtual [42]. In the latter scenario,
the boundaries encompass not just the urban agglomeration but also the
energy infrastructure beyond the geographical limits. Depending on
these boundary conditions, the PED can be categorized as [43]:

e Autonomous PED: does not exchange energy beyond its geographical
boundaries.
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e Dynamic PED: exchanges energy beyond its geographical bound-
aries, importing energy during shortages and exporting during in-
ternal surplus.

e Virtual PED: considers virtual boundaries, exchanging energy with
the hinterland.

In all these cases, there’s the requirement to achieve a net positive
energy balance over a year, expressed in final or primary energy, as per
the specific formulation of interest [44,45]. A similar balance can be
utilized for accounting for the net zero carbon equivalent balance. Apart
from the quantitative metrics highlighted in Ref. [8], which are asso-
ciated with both energy generation—overall higher than con-
sumption—and attaining zero carbon emissions, various qualitative
metrics are discussed, particularly concerning sustainability. These
qualitative metrics, especially in the social context, pose inherent
challenges when attempting benchmarking comparisons. Nevertheless,
there’s consensus that achieving the PED level necessitates primarily
improving energy efficiency and reducing demand, followed by opti-
mizing local energy flows using any surpluses and employing
low-carbon energy production to cover the remaining energy use.

Smart control and energy flexibility are pivotal for locally matching
demand with production wherever possible, aiming to reduce burdens
and optimize the efficacy of PEDs across the broader energy grid [41].
Recurring terms from the previously mentioned definitions encompass
net zero CO2 equivalent emissions, local or regional deployment of
renewable energy, energy efficiency, and energy flexibility within PEDs.
While these definitions offer insights into the PED concept, they remain
somewhat qualitative, thereby complicating the quantitative assessment
of PED achievement. Evaluating this aspect can be relatively straight-
forward when formally applied through an energy balance extended to a
set of buildings that includes only these specified energy uses. However,
it’s essential to note that a district’s energy and carbon footprint also
encompass numerous other uses, such as mobility, street lighting, and
the embodied energy within cars, buildings, and systems. Therefore,
these additional aspects should be formally incorporated into the cal-
culations through an expanded methodology for computing PED bal-
ances in terms of primary energy and carbon equivalent emissions. This
methodology should also encompass embodied energy and emissions,
considering the transport sector [43], adopting a life-cycle approach
[46].

This gives rise to a significant challenge stemming from the interplay
of geometry, landscape/urban planning, and energy management at the
local level. While meeting a stringent mathematical energy-positive
balance is expected to be feasible in areas with low building density,
the same cannot be easily asserted for high-density, multi-story build-
ings where energy consumption (along with carbon emissions) per
square meter could be up to an order of magnitude higher [47]. Another
issue surrounding PEDs is the lack of dedicated legislation specific to
them. Currently, they operate within a legal framework shared with
energy communities, particularly concerning aspects of energy sharing
and peer-to-peer energy connections [48,49]. These European directives
are subsequently implemented at the national level by Member States
through laws, regulations, and administrative provisions [50,51].
Therefore, establishing distinct standards between these two entities
and refining PED definitions, consistently supported by quantifiable
metrics and a well-defined assessment methodology, becomes an urgent
necessity.

In conclusion, evaluating positive energy districts involves quanti-
tative metrics, considerations of geographical or virtual boundaries, and
sustainability concerns. Nonetheless, challenges persist, especially in
high-density areas and the absence of specific legislation. Standardized
metrics and methodologies are crucial for the effective dissemination of
PEDs and to truly impact the transformation of urban environments.
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2.4. What are the available analytical approaches and methods to
evaluate PED performance?

The IEA EBC Annex 83 on Positive Energy Districts [52] defines PEDs
as clusters of interconnected buildings that generate energy exceeding
their operational requirements. While acknowledging the significance of
embodied energy, the primary goal of most PEDs is to achieve carbon
neutrality through a positive operational energy balance across hun-
dreds to thousands of buildings [53]. The energy equilibrium within
interconnected buildings is shaped by their efficiency and flexibility.
Within the PED context, energy efficiency refers to a building’s capacity
to operate with minimal energy consumption, while energy flexibility
denotes its ability to adjust energy consumption and production in
response to demand. Diverse multi-scale morphological, material mea-
sures, and systems like ICTs and electric mobility contribute to
enhancing building efficiency and flexibility [54]. Hence, the evaluation
of PED performance involves assessing energy efficiency and flexibility
in buildings driven by multi-scale measures and systems.

Currently, numerous UBEM tools are tailored for analytically
assessing energy efficiency and flexibility in buildings driven by multi-
scale measures and systems. These tools compute metrics related to
energy use, demand, and renewable energy generation for buildings
interconnected with urban infrastructures, such as district heating and
cooling systems within PED boundaries. Serving as vital energy related
KPIs, these metrics evaluate the energy balance, efficiency, and flexi-
bility objectives of PEDs. Similarly, UBEM tools calculate carbon,
climate, and comfort-related metrics, acting as KPIs for assessing PEDs’
multi-environmental performance objectives. These tools display vari-
ability in considering spatial-scale models and computational ap-
proaches, allowing simulations with diverse outputs and varying
temporal resolutions.

In a recent study [55], UBEM tools were categorized into three
groups: physics-based models, reduced-order models, and data-driven
models, based on their modeling approaches. Expanding on this classi-
fication, this study introduces a fourth category—metadata-driven
models. The subsequent discussion elaborates on the methodologies
employed by these four modeling approaches, along with a compre-
hensive exploration of their challenges and opportunities in evaluating
PEDs.

2.4.1. Physics-based models

The physics-based modeling approach involves conducting transient
simulations of heat transfer and energy trade-offs within buildings.
Tools following this approach consider building geometry, thermal, and
optical properties, as well as appliances and equipment. This level of
detail allows PED designers to pinpoint measures enhancing energy ef-
ficiency and encouraging renewable energy generation in buildings
[56]. The building component-level energy-related metrics computed by
Physics-based models enable modelers to assess multiscale strategies,
promoting efficiency and flexibility of PEDs. While energy-related
metrics are sources for calculating the carbon emission of operational
phase, the Physics-based models further contribute to the computation
of zone-level thermal comfort metrics, like PMV and surface-specific
climate metrics, like mean radiant temperatures, which are critical for
evaluating the environmental performance of PEDs.

Alongside buildings, these tools can also size and evaluate district
thermal and energy systems, offering a means for buildings to offset
their energy demand [11]. Furthermore, this tool category aids utilities
and energy service providers in making informed decisions regarding
demand-response initiatives, energy efficiency programs, and related
technologies [56]. Despite comprehensively addressing most energy
efficiency and flexibility evaluations required for PED design,
physics-based modeling tools have notable shortcomings.

The detailed simulation methodology utilized by physics-based
modeling tools results in computational expense, especially for simu-
lating city-scale PED designs. Computational limitations further present
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challenges when attempting multi-objective optimization using these
UBEM tools. While archetypes and floor multiplication techniques exist
to address computational issues [57], they often reduce outcome accu-
racy, which is unsuitable for certain energy efficiency and flexibility
evaluations.

2.4.2. Reduced order models

Unlike physics-based models, reduced-order modeling approaches
do not exhibit computational limitations. UBEM tools in this category
assess PEDs’ performance using normative calculation methods estab-
lished by organizations like the European committee for standardization
(CEN) and the international organization for standardization (ISO) [55].
Reduced-order models lack the capacity for extensive simulations,
resulting in coarse output resolutions that provide an overview of PEDs’
performance. Primarily, they calculate energy-related metrics from the
building to the district scale to assess PEDs’ efficiency and flexibility
objectives. The reduced order models only incorporate a limited number
of PED design details for normative calculations, limiting their utility in
multi-objective optimization and the identification of strategies to
improve energy performance. Aside from carbon metrics, these models
struggle to compute thermal comfort and climate-related metrics, a
significant drawback for modelers aiming to evaluate PEDs’ environ-
mental performance alongside energy performance. Additionally, the
suitability of applying normative calculation methods across diverse
climates and contexts raises questions.

2.4.3. Data-driven models

Data-driven modeling approaches employ simple regression or
advanced machine learning (ML) models developed from measured data
to assess PEDs. Simulating PED designs with data-driven models is
computationally less expensive, and the results are reliable. Similar to
physics-based models, data-driven models can simulate energy and
carbon metrics with high spatial and temporal resolution swiftly.
However, due to the measured data representing existing boundaries,
evaluating multi-scale retrofit measures becomes impractical. The
ability to compute comfort and climate-related metrics hinges on the
output variables selected for the model’s development. Furthermore, the
adaptability of mathematical or ML models to different climates and
contexts may be limited [55].

2.4.4. Metadata-driven models

Similar to data-driven modeling approaches, the metadata-driven
modeling approach also utilizes simple regression or ML models, but
these are developed from simulated data, known as metadata. Initially,
the physics-based modeling approach is used to simulate a few para-
metric PED design iterations and generate metadata. Subsequently,
simple or advanced statistical methods are employed to test and train
models using this metadata. Ultimately, the model facilitates the
determination of multi-objective optimized PED designs with less
computational power. Since simple regression or ML models are pro-
duced from metadata developed through physics-based modeling, the
results tend to be reliable. Additionally, metadata-driven models can
compute energy, carbon, climate, and comfort metrics with spatial and
temporal resolutions akin to those provided by physics-based models.
However, modelers must ensure the comprehensive inclusion of all
pertinent metrics data in the development of metadata-driven models.
It’s worth noting that metadata-driven modeling approaches for simu-
lating PEDs’ performance are still evolving, with very few studies [18,
58] available in the current literature.

In summary, evaluating PED performance involves assessing the
energy efficiency and flexibility as well as other environmental quality
KPIs of an interconnected cluster of buildings. In addition to the various
research advancements that delve into different KPIs and the analytical
approaches to effectively evaluate them, recent PED-associated projects,
initiatives, and environmental performance rating systems have devel-
oped additional sets of self-standing KPI frameworks. While UBEM tools
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exist for evaluating hundreds to thousands of buildings and their asso-
ciated district systems, there are notable limitations. Among the four
UBEM approaches discussed, the metadata-driven modeling methodol-
ogy stands out significantly in addressing concerns related to compu-
tation, accuracy, and optimization.

2.5. What are the available PED tools and how can we classify them?

Tools designed for energy modeling of PEDs vary in scope, resolu-
tion, objectives, and modeling techniques. A few tools encompass as-
pects of the social domain (e.g., intelligent community design (iCD)
[59]) and mobility issues (e.g., City Energy Analyst [60]), while the
majority focus on building energy demand and supply. Some tools
employ simplified dynamic modeling approaches (e.g., City Energy
Analyst [61], TEASER [62]) for calculating thermal loads, while most
utilize physics-based dynamic simulations to assess thermal loads (e.g.,
EnergyPlus [63]). A comprehensive and exhaustive classification of
these tools is a highly complex task, almost equivalent to a dissertation
or book. However, for the purpose of this inquiry, certain specific as-
pects will be considered. Particularly, attention will be given to aspects
of interest for modelers approaching the task of modeling positive en-
ergy districts. These aspects can be succinctly summarized by the
following questions:

e What domains does the tool investigate? (e.g., can it model energy
use in buildings? does it calculate CO2 emissions for transportation?)

e What is the tool based on? Which mathematical models does it
implement?

e What outputs can the tool provide?

A total of 43 tools were analyzed, with 70% deemed suitable for
research purposes, 58% for practitioners, and 28% useable by both re-
searchers and practitioners.

2.5.1. Domains covered by the tools

Many tools primarily focus on energy-related aspects, analyzing
energy generation (67%) and consumption (77%) at the building or
district level. Only 9% of the tools consider mobility issues (e.g., Lake-
SIM [64]). Additionally, 40% of the tools incorporate environmental
aspects, but merely 7% perform a full life cycle assessment for CO2
equivalent emissions. Among the analyzed tools, 33% account for indoor
environmental aspects such as daylight, indoor air quality (IAQ), and
thermal comfort. Outdoor environmental aspects, addressing outdoor
thermal comfort and urban heat islands, are addressed by 16% of the
tools. While economic aspects are covered by 51% of the PED tools, only
12% of them assess the payback time (PBT) or the net present value
(NPV).

Decision support tools are included among the reviewed PED tools,
although not all of them compute building thermal loads. Specifically,
tools like Calliope [65], energyPRO [66], oemof [67], and MANGO [68]
are single- or multi-objective optimization tools focusing mainly on
energy supply technologies within geographical boundaries. Energy
demand can be an exogenous parameter (Calliope, energyPRO,
MANGO) or an endogenous one (oemof). Other decision support tools
concentrate more on network topology and urban planning (Decoding-
Spaces Toolbox [69], Urbano [70], DigiWo [71]). Colibri [72] and
Thread/DesignExplorer [73,74] serve as interfaces for visualizing key
modeling results. Lastly, Opossum [75] and Octopus [76] support
optimization tools for Rhino and Grasshopper. The specific fields
covered by each tool are detailed in Table 1. The table groups various
applications, including those related to the ‘environmental boundary’
category encompassing climate change, carbon emissions, acidification,
eutrophication, land use, ecological footprints, particulate matter
emissions, and human toxicological effects (not an exhaustive list).
Table 1 covers only broad areas of categorization for the sake of brevity
and readability. This means that all tools can provide further elaboration
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Table 1
PED modeling tools and domains of interest.

DOMAIN OF APPLICATION

Ener;
8y Environmental Indoor Outdoor

Tool . : Economic Social
boundary environment environment

Energy Energy

demand supply Mobility

Intelligent
Community Design
(icD) [59]

Insight [88]

Urban Modeling
Interface (UMI)
[82]

Sefaira [81]

ClimateStudio [83]

Ladybug [86]

Honeybee [84]

Dragonfly [87]

Butterfly [88]

Pollination [89]

Eddy3D [90]
Morpho [91]

Envimet [92]

CityBES [93]

URBANopt [94]

COFFEE [95]

CitySim [96]

SEMANCO [97]

SimStadt [77]

LakeSIM [64]

City Energy
Analyst [60]

Tool For Energy
Analysis and
Simulation For
Efficient Retrofit
(TEASER) [62]

Calliope [65]

energyPRO [66]

oemof (Open
Energy Modeling
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Framework) [78]

MANGO [68]

ICL (Intelligent
Communities Life
Cycle) [85]

DER-CAM [98]

Making City
(ENERKAD®) [99]
DeCodingSpaces
Toolbox [69]
Urbano [70]
DigiWo [70]
Design Explorer/
Thread®[74,73]
Colibri? [72]
Opossum [75]
Octopus [76]

EnergyPlus [63]

trnsys [100]

DOE-2 [101]

eQUEST [102]

ESP-r [103]
OpenlDEAS [104]

DesignBuilder
[105]

Table 1 legend:
- covered by the tools - not covered by the tool
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heatingand | NO- non-renewable | COzeq- CO2eq €Missions (construction, . .
H&C cooling REN energy CUPM use phase, mobility) bL daylight Ic investment cost
. CO2eq  CO2eq eMissions . indoor air .
EL electricity up (use-phase) PE-UP primary energy (use phase) 1AQ quality PBT payback time
DH domestic CO2eq  COzeq emissions .. thermal NPV net present
W hot water -LC (life cycle) COUP  CO; emissions (use-phase) C comfort value
renewable embodle‘d PED- primary erllergy demand urban heat 0o&M ope-ratlon and
REN EE-LC  energy (life (construction, use phase, UHI maintenance
energy CUPM i~ island
cycle) mobility) costs

1 Collection of components for algorithmic architectural and urban planning, including street network generation and analysis, visibility,

and statistical data analysis, building blocks generation

2 The tool has the target to generate buildings starting from pre-defined blocks, to maximize some targets, such as the building density.
3 The tool does not perform energy simulations; it is an interface that collects previous simulation results.

4The tool does not perform energy simulations; it can be exploited as a support optimization tool in Grasshopper.

Other: Jobs created, disposable income, fuel poverty, property value, derelict development, Walkability, Accessibility, energy

consumption reduction
Other?: Jobs created, walkability
Other?: Amenity demand profile, streetscore, amenityscore, walkscore

on the simple outputs. For example, they can elaborate on the compo-
sition of temperature outputs within adaptive comfort outputs or
establish connections between indoor environment variables and gen-
eration/consumption for flexibility or load match indicators, either
explicitly or through user input. Additionally, it denotes the tool’s ca-
pacity to calculate aspects of both renewable energy-based systems (e.g.,
PV or wind turbines) and non-renewable energy-based systems (e.g., gas
boilers). The landscape for PED modeling predominantly emphasizes
energy demand (77%) and supply (67%), with limited consideration

given to mobility (9%) and social issues (7%).

2.5.2. Modeling approaches

Over half of the analyzed PED tools rely on building energy dynamic
simulation (55.8%), with only a few conducting static analyses (7%).
Tools utilizing static-based simulation, like SimStadt [77], provide
outputs with monthly timeframe resolution. Among dynamic simulation
tools, further distinctions exist between simplified and physics-based
dynamic simulation models. Simplified dynamics models, such as
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oemof [78], adhere to calculation standards based on technical norms,
regulations, or national guidelines, constituting 8.3% of the
dynamic-based tools. Other simplified dynamic tools (e.g., City Energy
Analyst, TEASER) utilize reduced-order models from Modelica libraries
[79], representing 12.5% of the dynamic-based tools. Such simplified
approaches are typically focused on the early stages of PED design.

Physics-based simulation models offer detailed results and are uti-
lized for more advanced stages of PED design (including energy flexi-
bility considerations). These tools usually rely on the EnergyPlus [63]
engine (e.g., Sefaira [80], UMI [81], ClimateStudio [82], Honeybee
[83]). Additionally, iCD [59] and ICL [84] deploy the ‘Digital Twin’
modeling approach, incorporating real-time operational data alongside
physics-based simulation. The modeling approaches employed by the
analyzed tools are detailed in Table 2.

About 39.5% of the analyzed tools employ physics-based simulation
models to simulate building behavior, while 18.6% utilize simplified
dynamic models or static ones. The utilization of data-driven ap-
proaches, combining physics-based simulation models with real-time
operational data, introduces a further refinement to modeling building
behavior. However, similar to simplified dynamic and static models,
these approaches remain relatively scarce (4.7%).

2.5.3. Main outputs or results obtained by the tools

While most PED tools consider the energy supply and demand of the
PED itself, there’s comparatively less focus on environmental aspects.
Climate change is addressed as an impact category in all PED tools
dealing with environmental issues (40%). Around 33% of PED tools
evaluate carbon dioxide emissions during the operational phase, while
only a few account for the entire life cycle (UMI [81], CityBES [86],
DesignBuilder [104]). Only 7% of the tools assess primary energy de-
mand throughout the operational phase (UMI [81], SimStadt [77], and
City Energy Analyst [60]), while embodied energy is considered by 5%
of the tools (UMI [81], City Energy Analyst [60]). Concerning economic
aspects, investment costs are assessed at 30% and operational costs at
49% of the tools. However, only 12% estimate the payback time or net
present value (Insight [85], CityBES [63], energyPRO [66], ICL [84],
DER-CAM [97]). Social aspects are largely neglected by most PED tools
(93%), with exceptions like iCD [88], UMI [81], and Urbano [70], which
address social indicators like job creation and walkability. Table 1 de-
tails the main results obtainable from each tool.

There’s a notable lack of emphasis on environmental and social is-
sues, with only 40% and 7% of the tools, respectively, accounting for
them. Moreover, additional environmental impact stages beyond oper-
ational phases should be considered. Furthermore, there’s a deficiency
in implementing metrics for assessing the financial viability of in-
vestments, such as payback time and net present value, in 88% of the
analyzed tools.

In conclusion, the analysis highlights varied approaches to PED
modeling potential, with diverse classifications based on investigated
items and mathematical modeling. The current focus largely centers on
energy balances and computing energy requirements for heating, cool-
ing, and electricity consumption in buildings. However, true integration
of modeling domains should be pursued for under-represented elements
such as mobility modeling, social aspects, economic factors, life cycle
environmental sustainability, and outdoor thermal comfort.

2.6. How can digital workflows be leveraged to achieve advanced PED
designs?

This section explores digital workflows, namely Grasshopper for
Rhino [105], and their transformative potential in PED designs. The
focus lies in creating advanced PEDs that achieve a net positive energy
balance while prioritizing ecology and health [106]. This dynamic and
multifaceted perspective is particularly critical in rapidly changing
urban climates [107,108].

Advanced PEDs should

consider this complexity of

Building and Environment 255 (2024) 111429

Table 2
Main modeling features of the PED tools (not applicable means that tools do not
perform building thermal energy simulation).

MAIN CHARACTERISTICS

Tool Design Scale (city, Time- Modeling
phase district, resolution approach
building) (dynamic/
static)
Intelligent Detailed District Dynamic Data-driven
Community design
Design (iCD) [59]

Insight [85] From early Building Dynamic Physics-
concept to based
detailed
design

Urban Modeling Early phase  District, Dynamic Physics-

Interface (UMI) city based
[81]

Sefaira [80] Early phase  Building Dynamic Physics-

based

ClimateStudio [82] From early Building, Dynamic Physics-
concept to district based
detailed
design

Ladybug [86] Early phase  Building, Not Not

district applicable applicable

Honeybee [83] From mid Building Dynamic Physics-
concept to based
detailed
design

Dragonfly [87] From early District Dynamic Physics-
concept to based
detailed
design

Butterfly [85] Not Building, Not Not
applicable district applicable applicable

Pollination [88] From early Building Dynamic Physics-
concept to based
detailed
design

Eddy3D [89] Not district Not Not
applicable applicable applicable

Morpho [90] Not District Not Not
applicable applicable applicable

Envimet [91] Not District Not Not
applicable applicable applicable

CityBES [92] Early phase District, Dynamic Physics-

city based

URBANopt [93] From early District Dynamic Physics-
to mid- based
concept

COFFEE [94] Early phase  Building, Dynamic Physics-

district based

CitySim [95] Early phase  District, Dynamic Reduced

city order
calculation
method

SEMANCO [96] Early phase  District Static Standards-

based

SimStadt [77] Early phase  Building, Static Standards-

district, based
city

LakeSIM [64] Early phase District, Static Reduced

city order
calculation
method

City Energy Analyst Early phase  District Dynamic Reduced

[60] order
calculation
method

Tool For Energy Early phase  Building, Dynamic Reduced

Analysis and District order
Simulation For calculation
Efficient Retrofit method
(TEASER) [62]

Calliope [65] Not From Not Not
applicable district to applicable applicable

(continued on next page)
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Table 2 (continued)

MAIN CHARACTERISTICS

Tool Design Scale (city, Time- Modeling
phase district, resolution approach
building) (dynamic/
static)
national
scale
EnergyPRO [66] Not From Not Not
applicable district to applicable applicable
regional
scale
oemof (Open Energy  Early phase  District Dynamic Standards-
Modeling based
Framework) [78]
MANGO [68] Not District, Not Not
applicable city applicable applicable
ICL (Intelligent Detailed District Dynamic Data-driven
Communities Life design
Cycle) [84]
DER-CAM [97] Not Building, Not Not
applicable district applicable applicable
Making City Early phase  Building, Dynamic Standards-
(ENERKAD®) district, based
[98] city
DeCodingSpaces Not District, Not Not
Toolbox [69] applicable city applicable applicable
Urbano [70] Not District, Not Not
applicable city applicable applicable
DigiWo [70] Not Building, Not Not
applicable district applicable applicable
Design Explorer/ Not Building, Not Not
Thread [73,74] applicable district applicable applicable
Colibri [72] Not Building, Not Not
applicable district applicable applicable
Opossum [75] Not Not Not Not
applicable applicable applicable applicable
Octopus [76] Not Not Not Not
applicable applicable applicable applicable
EnergyPlus [63] From early Building, Dynamic Physics-
concept to district based
detailed
design
TRNSYS [99] From early Building, Dynamic Physics-
concept to district based
detailed
design
DOE-2 [100] From early Building, Dynamic Physics-
concept to district based
detailed
design
eQUEST [101] Early Building, Dynamic Physics-
concept district based
ESP-r [102] Early phase  District Dynamic Physics-
based
OpenIDEAS [103] Early phase Building, Dynamic Physics-
district based
DesignBuilder [104] From early Building, Dynamic Physics-
concept to district based
detailed
design

performances. They should integrate comprehensive digital workflows
for dynamic energy management, employing predictive analytics to
optimize consumption and responsive systems that adapt to climate
variations. PED designs should harmonize with urban aspects like
ecological systems, all bolstered by sophisticated digital frameworks
that enhance health and sustainability. In contrast, less advanced PEDs
often consider energy in isolation from broader sustainability aspects.
The distinction between isolated tool use and integrated digital work-
flows is pivotal in PED design and crucial for grasping technological
integration nuances and process optimization. Digital tools, like Mod-
elica, City Energy Analyst (CEA), TRNSYS, and others, play a key role in
tasks such as energy modeling, simulation, and data analysis. While no
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single tool perfectly combines all PED elements [11], current PEDs
might struggle to effectively respond to climate change, environmental
shifts, and community needs. However, employing digital workflows
enables the amalgamation of these tools into a cohesive, integrated
approach [109]. Shifting from singular tools to integrated digital
workflows in advanced PEDs opens new possibilities, allowing them to
better adapt to environmental changes and embrace a more sustainable,
resilient urban living approach.

It is critical to operate in a digital environment where multiple
tools can be combined. This mitigates the complexity of disparate
systems by offering a unified platform for data exchange and tool
interoperability. For example, Grasshopper enables the integration of
various plugins and external data sources, simplifying complex analyses
and design tasks. Combining tools from Table 3 in a unified workflow
allows for cross-referencing of data and insights. In this advanced design
context, parametric platforms facilitate seamless data transfer between
different tools and computational methods via plugins (Table 4). Mod-
ules handling numerical and geometric data can connect for diverse
assessment objectives. Integrated workflows streamline the capture and
relay of simulation input parameters across various platforms, refining
results without direct linkage [110]. For instance, digital tools for en-
ergy evaluation coupled with ecological tools like Meerkat for GIS data
integration and Ladybug for climate data visualization [86] or Morpho
(an ENVI-met interface) for climate modeling data integration enable
PED adaptation to local microclimates [111,112].

District-level adaptation can notably reduce energy demand [113,
114]. The Elk plugin processes biodiversity-focused GIS data, enriching
designs with ecological metrics such as habitat patches. The Mosquito
plugin integrates public health data, assessing design impacts on health
to support urban designs. Additionally, the DeCodingSpaces Toolbox
promotes healthier PEDs by facilitating walkability and enhancing
contact with nature, empowering PED planners to craft
health-enhancing spaces. At the core of this workflow lies the tool’s
inherent capacity for seamless data transfer. For instance, Grasshopper,
with its robust data management and interoperability via plugins like TT
Toolbox (for data streaming), ensures consistent data flow (Table 4).
This fosters an integrative, data-driven design approach addressing en-
ergy, ecology, and health metrics cohesively. Optimization tools like
Galapagos, Octopus, and Opossum refine design workflows. Integrating
emerging technologies—AlI, the internet of things (IoT), and block-
chain—is crucial to augmenting PED capabilities, especially for climate
change adaptation and managing energy and ecological systems. These
technologies offer new avenues for dynamic adaptation, efficient
resource use, and predictive modeling within digital workflows, aligning
environmental parameters with design needs. Machine learning’s role in
PED design, as demonstrated by plugins like Owl, Dodo, and Lunchbox,
leverages learning paradigms that may supersede traditional
simulations.

Synergy of digital capability and real-world applicability. This
synergy is crucial for the effective integration of digital workflows,
particularly in advancing PED design and implementation. Platforms
like Grasshopper streamline tool integration and data management, yet
they aren’t universal solutions, requiring a balanced approach blending
technical proficiency with an understanding of local context and com-
munity needs. Integrating multiple sophisticated tools presents chal-
lenges, especially for teams lacking technical expertise. Grasshopper, as
an example of an integrated digital environment, mitigates complexities
by providing a unified platform for simplifying analyses through plugin
integration and external data sources. However, this.

Integration demands more than mere data aggregation; it requires
nuanced understanding for optimizing PED designs. Implementing a
holistic digital workflow necessitates robust IT infrastructure and tech-
nical expertise, which are crucial for reliable simulations. While plat-
forms like Grasshopper streamline data processes, robust data collection
and validation, along with stakeholder capacity building, remain vital.
Balancing digital reliance with real-world contexts is paramount,
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Table 3
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PED digital workflow: Overview of key tools and plugins compatible with grasshopper for design optimization across energy, ecology, and health domains.

Category  Tool/Plugin Functionality (Based on Existing Knowledge)  Data Received Data Provided PED Affected Design Variable

Name

Energy City Energy High-resolution urban energy demand GIS data, Climate Data.  Building physics, energy Building energy efficiency, HVAC

Analyst (CEA) simulations, integrating building physics & systems, energy demand. systems optimization.
energy systems.

TRNSYS Specialized in district heating and cooling; District System designs, ~ Energy consumption, heating/ District-level energy consumption,
traces energy sources, storage, and Solar installations. cooling data. Storage & distribution
consumption. optimization.

CitySim Simulates urban energy and environmental Building designs, Energy consumption patterns, Urban energy balance, Interactions
dynamics (assumed). Climate Data. environmental interactions. between buildings and

environment.

Honeybee Dynamic building energy simulations. Building designs, Energy consumption patterns, Building-level energy

Weather data. thermal properties. consumption, Facade design
optimization.

Dragonfly Urban-scale energy and environmental Urban layouts, Climate Energy and environmental Urban form and fabric energy
simulation. data. performance data. efficiency.

UMI Integrates various urban planning and design ~ Urban layouts, Climate Sustainability metrics, urban Urban sustainability strategies,
tools for comprehensive sustainability data design impacts. holistic urban planning.
analysis.

Ecology Meerkat GIS data integration tool within Grasshopper.  Site designs, Urban GIS data, including topography,  Land use optimization, Site-specific
layouts. land use, etc. design interventions.

Ladybug Integrates and visualizes climate-related data ~ Building designs, Climate data, weather patterns. Climate adaptation strategies,
for design purposes. Urban layouts. Sunlight/shade optimization.

Morpho Interface to ENVI-met; focused on Building designs, Climate data, microclimate Microclimate management, green
microclimate modeling. Urban layouts. interactions. infrastructure design.

Elk Biodiversity-focused GIS data processing Site designs, Urban GIS data, including habitat Biodiversity enhancement, Habitat
tool. layouts. patches, biodiversity metrics. preservation & creation.

Pando Modeling of vegetation systems Greenery Design Vegetation types Behavior of Vegetation,

Microclimatic analysis

Green Scenario Environmental impact assessment of urban Urban designs, Environmental impact analysis, Ecological impact assessment,

designs ecological data green infrastructure strategies green infrastructure planning.
Health Mosquito Integrates public health data for design Urban designs, Public health metrics, Public health promotion, Design
evaluation. Building layouts. population data. for well-being & comfort.

DeCoding Urban and architectural analysis tools Building designs, Topological, network, and Enhanced Walkability, and Vision

Spaces Toolbox enhancing spatial understanding. Urban layouts. spatial data. of Natural Features

Table 4 ensuring that over-reliance on digital tools doesn’t overshadow on-
able

PED digital workflow: Overview of grasshopper plugins categorized by func-
tionality: Interoperability, optimization, machine learning, and visualization.

Category Name of Function & Data Relevance to PED
Plugin Interaction design
Interoperability TT Toolbox Ensures data streaming  Data integration
& Integration between Grasshopper & seamless design
and other platforms workflows.
using multiple design
data to provide
streamlined data for
other tools.
Optimization Galapagos/ Optimization tools Enhanced energy
Octopus/ refine design efficiency,
Opossum parameters using Ecological
design data and balance, and
environmental Health promotion.
parameters to yield
optimized design
parameters.
Machine Learning ~ Owl/Dodo/ Learning paradigms Proactive designs
Lunchbox supplant traditional based on learning
simulations, using from data.
design data and
previous simulations to
offer predictive designs
and simulations.
Visualization Design Tool that visualizes Design clarity,
Explorer complex design spaces,  Decision-making

employing design
variations and
simulated outcomes to
present a visual
representation of
design spaces.

support.
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ground realities. Adapting digital workflows to local contexts and
incorporating qualitative insights ensures designs resonate with local
environments and community needs.

In summary, the effective use of digital workflows in designing
advanced PEDs hinges on integrating diverse tools within platforms like
Grasshopper. While these platforms offer significant potential for opti-
mizing PED designs across energy, ecology, and health parameters, they
also present challenges in complexity, data management, and balancing
digital capabilities with real-world contexts. Success in this endeavor
requires technical proficiency and adaptability, considering local envi-
ronmental and community dynamics.

2.7. Which new PED tools are needed considering future climate and
urban resilience?

Considering future weather conditions in PED design is crucial due to
escalating climate change impacts. The resilience and long-term sus-
tainability of PEDs rely on adapting to shifting climate patterns and
extreme weather events. Neglecting future climate scenarios may result
in suboptimal energy performance, overestimation of heating or cooling
demands, and potential mismatches in energy generation and con-
sumption, jeopardizing PEDs’ overall energy balance and environmental
goals. To ensure PEDs’ effectiveness amid climate change, using high-
resolution future weather data and advanced modeling for evolving
urban microclimates is vital. This chapter discussed the pivotal role of
such considerations in PED design for developing resilient, energy-
efficient districts capable of addressing uncertainties posed by an un-
certain climate future.

Like buildings, the energy systems in PEDs can be categorized into
base load and variable load systems based on their reliance on climatic
conditions [115]. Base load systems, such as street lighting, exhibit
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energy consumption tied to usage, while variable load systems like
district cooling depend on ambient climate conditions. UBEM tools
evaluate these systems’ energy performance using representative
weather files [116], available in formats like “typical meteorological
year,” “test reference year,” or “design summer year.” Typically, statis-
tical methods generate these files to eliminate infrequent extremities
from historical weather datasets [117]. However, relying on present-day
representative weather files for PED assessment offers insights into past
climate conditions but overlooks future climate changes. Several studies
[118,119] have highlighted potential overestimations of heating and
underestimations of cooling demands in buildings when simulated with
present-day representative weather files. These concerns raise questions
about the energy efficiency and adaptability of PEDs in future climate
change scenarios.

Presently, future weather file generators produce climate-specific
files worldwide, aligning with climate change scenarios from the inter-
governmental panel on climate change (IPCC). These files derive from
global or regional climate models (GCMs or RCMs) validated by the
IPCC’s Working Groups. GCMs offer broader spatial resolutions, typi-
cally a few hundred kilometers, while RCMs provide finer resolutions,
from a few tens of kilometers to meters. To enhance spatial accuracy,
future weather file generators employ static and dynamic downscaling
methods, especially where RCM outputs aren’t available for every geo-
location [120]. Although GCM and RCM outputs mostly offer daily or
monthly data, weather files require hourly resolution. To address this,
generators use static and dynamic temporal downscaling models,
providing the necessary hourly climate data [121]. However, it’s crucial
to note that the high-resolution data used for downscaling captures a
location’s boundary layer climate.

Historical data used for present-day weather files or downscaling is
collected from weather monitoring stations near airports or building
rooftops, capturing the boundary layer climate [117]. However, in
densely built areas like cities, this boundary layer climate might not
accurately represent PEDs’ energy systems. Buildings exhibit notable
deviations in cooling and energy performance due to overlooking
microclimatic influences from urban form and materiality [122]. Errors
in building energy performance arise from neglecting microclimatic
influences induced by nature-based solutions [123]. Hence, integrating
urban climate modeling (UCM) with building energy modeling (BEM)
tools becomes imperative for accurately simulating building energy
performance [124]. Some researchers have devised chaining and
coupling techniques to integrate microclimatic data into building energy
simulations [125]. The chaining approach involves one-way data ex-
change between UCM tools and BEM tools for the same timestep, while
the coupling approach engages in two-way data exchange either in
parallel or in sequence. UCM tools, like urban weather file generators,
modify present-day or future representative weather files, considering
urban form and materiality, and are utilized for chaining with UBEM.
The coupling approach effectively exchanges transient heat flux infor-
mation between UBEM and UCM tools at each step. However, these
coupling methods, although available, entail high computational ex-
penses, especially for conducting annual simulations [126].

In conclusion, addressing future climate conditions is vital for the
success of PEDs. Neglecting the impact of changing weather patterns can
result in energy inefficiencies and pose risks to the overall sustainability
of PEDs. Additionally, accounting for microclimatic conditions along-
side future climatic scenarios is equally crucial in PEDs’ energy evalu-
ation. To effectively address these challenges, the development of user-
friendly tools, high-resolution weather files, and advanced modeling
techniques becomes imperative. This holistic approach is essential for
designing resilient PEDs capable of effectively managing an ever-
evolving climate and diverse microclimatic conditions, ensuring their
sustainable energy performance and long-term viability.
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2.8. How are PED tools integrated into the design phases and with which
stakeholders do they interact?

The PED process, which links building and city levels, is complex and
necessitates diverse tools and stakeholder inputs, thereby presenting
challenges across scales and life-cycle stages. Understanding tool utili-
zation throughout the PED process involves the simultaneous assess-
ment of design phases, scales, and stakeholders. The PED design
landscape showcases various methods to identify key phases, as
reviewed by the PED-EU-NET team [127]: the MakingCity project’s
[128] six-phase approach, the Atelier project’s [129] seven-step strat-
egy, and Project RESPONSE’s [130] four phases. The key phases iden-
tified by Cheng et al. [131]—master planning, energy planning,
construction, implementation, monitoring, and POE—will aid in align-
ing goals, tools, and stakeholders for better categorization within this
chapter.

Throughout the design phases of PEDs, effective multidisciplinary
collaboration among stakeholders remains paramount. Li et al. [132]
advocate for spatial-tiered stakeholder categorization, emphasizing the
importance of multi-level decision-making. The Louisiana Planning As-
sembly Kit [133] and Positive Energy Districts Solution Booklet [134]
delineate relevant planning scales, spanning from regional to building
levels. However, harmonizing design phases, stakeholder interests, and
scales can be challenging due to their frequent intersections. In practice,
these elements are interconnected by critical decision-making junctures
known as ‘intervention points.” Stakeholders navigate challenges during
these intervention points using various tools. Given the fluid roles of
stakeholders in PED development, it becomes crucial to scrutinize the
pertinent stakeholders and tools employed at each intervention point.
For a comprehensive grasp of tools in PED development, Table 5 eluci-
dates the connection between intervention points and design phases
[131], and Table 6 delineates key stakeholders [128,129,131,132,134,
135] associated with each point. Tables 5-6 use intervention points as a
common thread, visually clarifying the complexity and hierarchy within
the PED design process.

Upon reviewing the utilization of PED design tools addressing
intervention points in real-world demonstrations [127], it becomes
evident that during early phases like master planning and energy plan-
ning, tools focusing on sustainable energy vision are prominent,
accompanied by methods for swift and iterative energy demand
assessment (e.g., ENERKAD). As the process progresses into intermedi-
ate phases, encompassing energy planning and construction/refurbish-
ment planning, the emphasis shifts towards tools enabling multi-scale
energy assessment (e.g., ENERKAD, CEA, and Ladybug) and those
analyzing specific intervention points, such as addressing flexibility is-
sues like SpineOPT. In the later stages, particularly from the Con-
struction/Refurbishment Planning phase at the building scale, the focus
lies on tools for energy and comfort assessment, including EnergyPlus,
IDA ICE, and TRNSYS. In the concluding phases of PED development,
such as monitoring and post-occupancy evaluation (POE), the utilization
of more experimental tools becomes evident, such as digital twins and
model predictive control algorithms.

Table 2 illustrates a comprehensive array of PED tools, revealing that
the majority (25 tools) are tailored for early phases, with 11 extending to
detailed design. However, a noticeable shortage of tools is evident for
later stages, particularly in post-implementation tasks such as POE and
monitoring. This observation aligns with the insights gleaned from
intervention points in Tables 5 and 6 Out of the 17 identified inter-
vention points, 13 are associated with the design phases preceding
implementation, while only 4 are linked to post-implementation stages.
This trend also extends to stakeholder involvement, with all 30 identi-
fied stakeholders actively engaged in pre-implementation phases,
underscoring their critical role throughout the entire design process
until its final stages. Despite an apparent balance in tool distribution, the
dearth of tools in later stages, especially for monitoring, energy and
flexibility management, and energy accounting, remains conspicuous.
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Table 5

PED design phases, and corresponding intervention points.
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Design phases —
Intervention points |

Master planning

Energy planning

Construction/renovation planning

Implementation Monitoring POE

Energy vision
Renewable potential

Building placement/insolation

Outdoor comfort

Energy and flexibility design

User mix

Integration with wider infrastructure

Integrating EVs
Passive design

Indoor comfort
Energy storage
Microgrids

Active design system efficiency

PO M MM

BB D X

Energy and flexibility management

Occupant behavior

Accounting of energy

Decision support

>

PP B B X X

>

el ]
sl
]

Table 6

Key stakeholders in each intervention point during the PED design process.

scales —
Intervention points |

City scale

District scale

Building scale

Energy vision

Renewable potential

Building placement/
insolation
Outdoor comfort

Energy and
flexibility design

User mix

Integration with
wider
infrastructure

Integrating EVs

Passive design
Indoor comfort
Energy storage

Microgrids

Active design system
efficiency

Energy and
flexibility
management

Occupant behavior

Accounting of
energy

Decision support

Local authorities, Enterprises, Knowledge
institutes, Citizens

Energy suppliers, TSOs, DSOs, Flexibility/
Energy market operators, Local authorities,
City energy engineers, Developers

City planners, Local authorities, Designers,
Developers

Energy suppliers, TSOs, DSOs, Flexibility/
Energy market operators, Local authorities,
City energy engineers, Developers

Energy suppliers, TSOs, DSOs, Regional/local
authorities, Developers

All

Energy engineers, Architects, Local authorities

District planners, Architects, Local authorities

District planner, Local authorities, Designers,
Developers

Energy suppliers, TSOs, DSOs, Flexibility/
Energy market operators, Local authorities,
City energy engineers, Developers

Social planners, Energy engineers, Energy
manager, DSO, Flexibility market operator,
Energy communities

Energy suppliers, TSOs, DSOs, Flexibility/
Energy market operators, Local authorities,
City energy engineers, Developers

Energy manager, Energy providers, DSO, Asset
manager, Energy engineers, Local authorities

Energy suppliers, TSOs, DSOs, Flexibility/
Energy market operators, Local authorities,
City energy engineers, Developers

Energy manager, Energy providers, DSO,
Energy manager, Asset manager, Energy
engineers, Local authorities

All

Architects, Electrical/Mechanical engineers,
Manufacturers, Installation companies, Facility
management, Local authorities

Energy engineers, Mechanical/Electrical engineers

Energy suppliers, TSOs, DSOs, Flexibility/Energy
market operators, Local authorities, City energy
engineers, Developers

Architects, Manufacturers, Construction company
Architects, Mechanical/Electrical engineers, Occupants
Architects, Electrical/Mechanical engineers,
Manufacturers, Installation companies, Facility
management, Local authorities

Architects, Electrical/Mechanical engineers,
Manufacturers, Installation companies, Facility
management

Flexibility market operator, Energy manager, Energy
providers, DSO, Asset manager, Energy engineers, Local
authorities, Energy communities

Occupants, Facility management

All

Presently, only a handful of experimental tools, such as model predictive
control algorithms and digital twins, address these pivotal aspects.

The narrative of PED design, encapsulated within the text and tables,
underscores a multi-faceted approach that integrates diverse tools and
stakeholder inputs across various phases. Initially, although optimiza-
tion and energy analysis tools are available, their utilization isn’t as
widespread when compared to tools used in defining the project’s

13

vision. Tools tailored for intermediate-to-final design stages, spanning
from district to building scales, are increasingly being incorporated into
the planning process with greater efficacy. However, despite the critical
importance of post-occupancy evaluation (POE) and monitoring in later
stages, these areas still demand better tool integration and more
advanced utilization. Consequently, a persistent gap remains in meeting
the diverse tool needs of city, district, and building planners. Bridging
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this gap mandates the integration of missing tools and the adoption of a
unified, comprehensive design approach aligned with the Integrated
Energy Design [136] philosophy. This alignment is pivotal for unlocking
the full potential inherent in PEDs.

2.9. What are the gaps between the existing tools and PED design in
practice?

There is a significant gap in unified PED design frameworks, largely
attributed to the field’s novelty and the diversity of local contexts.
Factors including varying regulations, types of renewables, energy
storage, consumption patterns, and local economic opportunities
require a tailored approach, necessitating distinct tools for different
scenarios [137]. Examining case studies from PED-EU-NET [127] pro-
vided insights into the tools currently utilized in PED design. These tools
predominantly include energy modeling software, either at the building
level (TRNSYS [99], EnergyPlus [63], IDA-ICE [138]) or the neighbor-
hood scale (CEA [60], ENERKAD [98]). Additionally, methods for
flexibility assessment (grey-box modeling [139]) and technology selec-
tion (web-based decision tree module [3]) are utilized. In some case
studies, virtual twins (GRIDS energyCity [140] platform, SPARCS Vir-
tual Twin [141]) play a role during operational phases. However, the
incompleteness of these tools reveals a spectrum of challenges, some of
which are tool-addressable (energy and optimization) and others that
are beyond tool capabilities (policy or political changes). This article
specifically targets tool-addressable challenges, striving to identify
necessary tools and connections by analyzing the barriers outlined in
Table 7 from PED-EU-NET [127].

While the absence of certain tools is one reason for existing gaps,
based on experience, there are other factors at play. Use cases from in-
dustry show that even tools with potential advantages might be under-
used because of various performance gaps, such as industry reluctance
towards modern technologies, organizational and technical challenges,
and lack of tool integration [142-144]. Under the umbrella of Annex 83
[145], aspects were identified based on five existing case studies,
including a range of tools such as TRNSYS [99], CEA [60], EnergyPLAN
[146], and EnergyPlus [63], where current energy modeling software
must improve for better adoption, along with the associated challenges
and potential paths for improvement [147].

From a design practice perspective, PED tools are categorized based
on usage into three groups: First, those that are widely used and inte-
grated into PED design. Second, those that are available but underutil-
ized due to challenges with integration, usability, user interface and user
experience (UI/UX), and accuracy, as detailed in Belda et al., [147].
Third are the absent tools, which include emergent behavior simulation
and blockchain, along with necessary capabilities like fast, iterative
scenario analysis and essential links between cost and renewable
modeling. These gaps are discussed in Table 7.

The current fragmented toolkit for PED design complicates essential
tasks like calibration, sensitivity analysis, and validation, rendering
them resource intensive. Although AI and ML solutions are still in their
infancy and have not yet been fully integrated, they hold the potential to
streamline these processes, promising a future of enhanced design effi-
ciency. By fostering interdisciplinary collaboration, we can harness
these technologies to streamline design processes and navigate the
complexities of urban development. Advancing this synergy of tools and
expertise is imperative for the realization of PEDs, ensuring sustainable
and adaptive urban environments for future generations.

2.10. What are the outlooks, future challenges, and opportunities for PED
tools?

The concept of PEDs is poised for global expansion as urban sus-
tainability initiatives expand. To assess their potential, we can learn
from the 15-year history of ZEB implementation, which has taught us
that the gap between ZEB conceptualization and realization remains
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Table 7
Mapping barriers in PED design practice and potential tool solutions.
Barriers Challenge Capability needed Tool Gap
Regulatory ~ Missing cross- Interoperability Cross-sectoral tool
sectoral connections
collaborations
Economic High initial Econometric- Econometric-
investment for renewable modeling ~ renewable modeling
renewable connection link
transition
Energy-inefficient Quick cost-benefit Renovation scenario
buildings or low- and impact and impact analysis
income tenants assessment tool
Optimizing energy Low-data resolution Optimization for
flows cost- cost-benefit energy generation,
effectively optimization storage, and
consumption
Identifying and Easy-benefit Multiple benefits
monetizing multiple ~ monetization calculation
benefits methods
Lack of models Multiple scenario Tool modeling local
assessing local calculation and energy sharing
energy sharing energy sharing
optimization
Technical Selecting energy- Customizable multi- Adaptable energy
saving measures scale energy modeling software
modeling
Maximize Renewable potential ~ Regional electricity
renewable uses, analysis with and renewable
local-regional broader system modeling software
network connection
connections
Enabling sector Multiple scenario Software module
coupling and calculations, capable of analyzing
exchange of energy connecting energy energy flow and
flows, energy sharing.
sharing
optimization
Cost-effective Energy storage Integrated energy
energy storage optimization linked storage modeling
exploration to energy systems
Integrating EVs in Integrated or EV and energy
energy system composable EV modeling
design model
Exploring Blockchain Integrated
blockchain for local emulation, blockchain module
power management emergent behavior analyzing costs and
modeling effects of blockchain
implementation
Demand response Integrated or DR optimization
composable demand  module
response (DR) model
Monodirectional Low-voltage Integrated microgrid
infrastructure microgrid scenario scenario analysis
analysis module
Nature based Coupling NBS with Integration of NBS
solutions (NBS) energy modeling analysis with energy
integration modeling
Social Passive users Emergent behavior Agent-based PED

Limited energy
flexibility

scenario analysis
Emergent behavior
scenario analysis

performance tool
Agent-based PED
performance tool

significant and that the majority of ZEBs have remained demonstration
projects [148]. In contrast, PEDs have set clear policy-level imple-
mentation goals, with Europe aiming for 100 PEDs by 2050 [2]. Yet,
bridging the high aspirations of PEDs with practical urban design re-
alities poses significant challenges [149]. To facilitate PED imple-
mentation, a set of tools supporting PED design will be essential for city
planners, designers, and developers to align with regulations and
policies.

Considering the broader context, the future of PED design tools ap-
pears transformative [137]. This transformation will be driven by
technological advancements, a heightened focus on
high-energy-performance urban design, and environmental quality.
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These tools will optimize energy efficiency, integrate nature-based so-
lutions (NBS), renewable energy sources, and urban storage and supply
systems, including advanced energy storage and water management.
They will also prioritize environmental quality, addressing aspects like
visual and thermal comfort, air and water quality, green and blue in-
frastructures, and biodiversity, fostering holistic, eco-friendly, and
livable districts.

In the context of these aspects and the scopes, metrics, and toolsets
discussed, this paper identifies key future challenges and opportunities
for PED tools. These challenges and opportunities are categorized using
the same framework introduced earlier (Q1), providing insights into the
evolving landscape of PED implementation.

2.10.1. Transitioning from individual buildings to districts

Opportunities: Beyond BEM, UBEM tools gradually unlock the ability
of tools to predict, optimize, and communicate energy-related aspects of
district building interactions, such as district energy load balance,
combined storage systems, mixed-use energy mutualization, district
heating and cooling, and renewable energy interactions [9]. Beyond
operational energy, the district-scale engagement expands the analytical
life cycle analysis perspective and opens new horizons for exploring the
mutual impacts of buildings, green systems, and the environmental
quality of outdoor semiprivate and public spaces (e.g., outdoor thermal
comfort).

Challenges: Upscaling the analysis and management boundary from
the building to the district is computationally complex due to the
datasets needed to perform a reliable analysis, the integration of several
KPIs, and the computational loads needed to allow for such a compre-
hensive integration [150].

2.10.2. Multi-objective environmental analysis

Opportunities: The need in PED design to perform fast and large-
scale calculations while accounting for several environmental perfor-
mance KPIs at the district scale and generate optimized scenarios based
on those KPIs necessitates the aid of artificial intelligence [151]. The
evolution of Al- and ML-enhanced workflows for architectural design
optimization is accelerating, and their incorporation into the PED design
process is a natural next step. This is particularly important when
considering the need for real-time analyses or when involving multiple
stakeholders in a collaborative PED design process.

Challenges: (1) lack of established methods for appropriately
weighing different KPIs during PED optimization in the design phase; (2)
the integration of quantitative and qualitative indicators; (3) the
harmonization of fragmented tools and metrics, each requiring distinct
input data and evaluation protocols, resulting in potential inefficiencies
in PED design as also highlighted by Ref. [42]; and (4) the constraint of
computation time impedes effective and timely communication.

2.10.3. Multi-stakeholders’ engagement

Opportunities: Collaborative design platforms facilitating the
participation of multiple stakeholders in PED projects promise enhanced
decision-making and consensus-building. Virtual reality (VR) and
augmented reality (AR) technologies offer immersive visualization of
PED designs, aiding stakeholders and the public in comprehending and
engaging with proposed projects. Co-simulation and collaborative
platforms are being developed to allow interactive exploration of PED
design criteria or multiple design scenarios. Visual aids such as inter-
active screens help these tools communicate spatial and numerical re-
sults to diverse audiences [152].

Challenges found to be closely linked to the stakeholder engagement
challenges found by Refs. [4,153]: (1) cost considerations, as smaller
municipalities and design firms may encounter difficulties in affording
advanced immersive PED design tools; (2) the need to develop tailored
software-hardware interfaces for each type of project; and (3) the cur-
rent limitations of available immersive technologies in terms of usabil-
ity, response time, and user comfort (e.g., field of view in AR platforms).
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2.10.4. Data-driven design

Opportunities: Rapid advances in IoT and GIS technologies link
smart city and urban digital twinning initiatives. These advancements
will create new middleware like urban geospatial workflows, dash-
boards, web-based applications, and GIS-driven tools for PED design
[154]. These tools enable interactive, data-driven, multi-disciplinary
PED design using data from various sources.

Challenges: (1) securing accurate and up-to-date energy consump-
tion, microclimatic, and other data repositories necessary for coherent
and precise performative prediction and analysis [155]; (2) addressing
privacy concerns that limit data use for design; and (3) overcoming the
lack of standardized protocols and data formats.

In conclusion, despite the challenges encountered, the field of PED
tools offers many opportunities for innovation, collaboration, and inte-
gration into urban development initiatives. As PEDs become increas-
ingly prevalent, these tools will emerge as indispensable instruments in
advancing the objectives of establishing an effective collaborative and
holistic data-driven environment for PED designs.

3. Conclusions

The emergence of Positive Energy Districts (PEDs) represents a sig-
nificant shift toward sustainable urbanism and energy transition,
underscoring the need for a comprehensive approach to address multi-
faceted urban challenges. This publication delves into the intricate web
of factors influencing PED development, emphasizing the necessity for
integrated tools and methods. It unravels the complexities associated
with PED designs, transcending mere energy balance by exploring the
interplay of governance, technology, stakeholders, and urban dynamics.
From the shift in scale to multifaceted analyses and the integration of
diverse stakeholders, this paper illuminates how tools serve as essential
conduits in navigating the contemporary landscape of PED design.

Each question tackled in this study provides key insights into the
technical intricacies of PED tools. From the role of tools in a performa-
tive framework encompassing multiple sustainable design goals to the
integration of simulations for holistic assessments, the paper navigates
through the challenges posed by high-density areas, the absence of
standardized metrics, and the necessity for improved databases and
methodologies. Moreover, these sections emphasize the necessity of
transcending traditional energy balance metrics. They stress the
importance of embracing varied aspects such as outdoor microclimates,
social dynamics, economic elements, future climatic scenarios, micro-
climatic conditions, and life cycle sustainability within the modeling
domains for a comprehensive understanding. The discussions under-
score that while energy balance remains pivotal, true integration of
these diverse domains stands imperative for a more holistic assessment
of PEDs. Recognizing this complexity, it becomes evident that the inte-
gration of tools like UBEM, simulations for microclimate assessment,
and the convergence of various analytical perspectives—from energy
evaluations to considerations of social, economic, and environmental
elements—present an intricate yet essential facet of PED design.

As we conclude this exploration, it’s evident that the realm of PED
tools stands at the crossroads of innovation and challenge. The potential
for collaboration, innovation, and integration into urban development
initiatives is immense, as are the promises Al-driven solutions hold for
PED tools in mitigating data complexities, scaling analyses to district-
level precision, and streamlining multi-objective optimizations. How-
ever, this potential is counterbalanced by challenges ranging from
computational complexities to the prioritization of key performance
indicators, tool integration, affordability, data accuracy, privacy con-
cerns, and standardization. Looking ahead, the trajectory for PED tools
indicates a promising avenue for advancements, necessitating a collec-
tive effort to address challenges and capitalize on opportunities.
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