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(PBD), coupled with the energy hub concept, can improve cost-effective energy systems design and accelerate
the industry’s contributions to achieving net-zero emissions.

PBD is an efficient and effective methodology to manage and de-risk the complexity of integrated
energy system design, leading to affordable and reliable solutions due to the inherent techno-economic
analysis underlying the decision-making process. Combining the PBD framework with the energy hub concepts

establishes a powerful design workflow for developing holistic energy systems from a single building up to
the district and city scales. The fundamental tenets of this workflow, as discussed in this paper, are (1) the
separation of functions from architectures, (2) the identification of abstraction levels at which systems can be
analyzed and optimized, and (3) the ability to repurpose components at all levels of abstraction to aid design
reuse and allow performance feedback at every stage of the process.

We argue that PBD can become the next frontier in energy system design. PBD, as presented in this paper,
is not limited to the energy sector, and it can also be a sub-process of an even more holistic infrastructure
design. Spatial planning, architecture, and civil engineering can all be further integrated with the PBD concept,
allowing societies to reach ambitious sustainability goals faster, at lower cost, and with greater resilience.

1. Introduction
1.1. Motivation

The built environment, particularly urban areas with dense building
stocks, is facing the challenge of defossilization.! Energy systems in
urban areas need to transform from centralized fossil fuel based systems
into decentralized renewable-based systems. Integrating renewables
economically and efficiently forces a system design that locates energy
technologies close to the point of use. Buildings are no longer just
designed to use energy efficiently but also to harvest, store, and share
renewable energy. Buildings will be transformed into prosumers and
operate as active agents in decentralized energy systems. Such neigh-
borhood and district energy systems can be seen as energy hubs [1,2],
incorporating various energy carriers and technologies.”? Moreover,
cities and urban areas will act as multiple energy hubs interacting with
one another to guarantee a resilient, sustainable, and affordable energy
supply [4,5].

But despite the radical changes needed in urban energy systems,
design and decision-making persist in their traditional processes. The
industry not only needs innovation for new products, services, and
business models, but also needs new design processes to enhance its
value chain. The discipline-specific and sequential processes developed
over the last four decades still dominate energy system design today.
Why are new, renewable concepts not rapidly disseminating, scaling,
reducing cost, and increasing reliability? As Einstein is alleged to have
said, "We cannot solve our problems with the same thinking we used when
we created them”.

Many industries have been transformed to meet new performance,
quality, safety, cost, and time-to-market requirements of complex prod-
ucts and services, and they offer methods and processes we can learn
from and be inspired by. For example, the semiconductor industry
underwent fundamental changes to provide products and services that
could not have been anticipated twenty years ago. Underlying this
type of industrial transformation was the introduction of a rigorous
design methodology that constrained the design space and, by doing
so, allowed verification using computer models that could perform
automatic and optimized translation from schematics to layout and

1 The reason for using the term defossilization arises from the emerging
sectors of synthetic fuels and platform chemicals for industrial processes. In
both sectors, carbon is used to produce green, climate-neutral goods. Thus,
decarbonization may not occur, but fossil resource abandonment must occur
to achieve net-zero carbon emissions.

2 The energy hub concept is defined as a central nexus where various energy
carriers converge. At this hub, energy flows are transformed, conditioned,
stored, and eventually distributed to meet demand requirements optimally.
The modeling of an energy hub delineates the relationship between input and
output energy flows, aiding in the optimization of energy consumption during
both planning and operation [3].

from layout to manufacturing instructions. This design methodology
evolved over the years to take into consideration reuse (intellectual
property blocks) and higher levels of abstraction. Such an evolution
can be cast in the platform-based design (PBD) framework (see Ap-
pendix A.2 for a summary of PBD) that distills the basic tenets and
can be used in other industrial and application domains such as the
transportation domain. The framework allows efficient handling of
system design complexity, enabling rapid scaling and agile, continuous
system innovation. This paper describes how PBD can be adapted to
the energy sector, in particular, for distributed energy resources, to
achieve a fast and reliable transformation from fossil fuel-based to fully
renewable energy systems.

Here we address the challenges and the current state of energy
system design, present a new design framework that combines PBD and
energy hub principles, and demonstrate the practical application of the
PBD concept using a real-world example.

1.2. Challenges of energy system design

1.2.1. Urgency of defossilization

Fossil fuels still predominate in the energy supply, accounting for
over 82% of the primary energy share in 2021,° even as countries
across the globe establish policies to reach a zero-carbon emission
society [6]. The European Green Deal [7,8], for example, expresses
this objective in its ambitious program to defossilize the building
sector. Approximately 250 million existing buildings in the EU [9]
must be retrofitted urgently in order to reach net-zero in 2050. The
U.S. Department of Energy (DOE) is also working to support grid-
interactive buildings for renewable integration. It estimates that the
national adoption of such buildings could be worth $100-$200 billion
in U.S. electric power system cost savings over the next two decades.
DOE’s National Roadmap for Grid-Interactive Efficient Buildings aims
to triple the energy efficiency and demand flexibility of the buildings
sector by 2030 relative to 2020 levels. For industry, the DOE [10]
lays out a path to decarbonize the sector by 2050 through multiple
decarbonization technologies and approaches including carbon capture,
utilization and sequestration, industrial electrification and low-carbon
fuels, feedstock and energy sources, and energy efficiency. The defos-
silization of energy systems is also a critical element of the Swiss energy
strategy 2050 [11], which outlines efforts to integrate renewables, en-
hance efficiency through electrification, and utilize synergies through
sector coupling [11,12].

The defossilization of energy systems is a tremendous global
challenge, requiring urgent measures to address it due to the post-
poned and delayed actions against climate change [13]. Coun-
tries’ current efforts are necessary and important, but are unable
to scale and accelerate the transformation to the degree required.

3 See https://ourworldindata.org/energy- production--consumption
(accessed June 6, 2023)
4 See also the upcoming UN Global Sustainable Development Report 2023.
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1.2.2. Transformation of the energy system

The energy systems’ current defossilization progresses too slowly
to achieve net-zero carbon emissions in 2050 [14]. Despite the effort
in research and development of new technology, the dissemination
or uptake in the industry is modest. There are impressive pilot and
demonstration projects in operation; however, the wide application is
delayed [15].

One of the key elements for defossilization is the integration of
distributed energy resources® and waste heat sources into the energy
system. This integration shifts the current centralized energy system
architecture toward decentralized energy systems [16-18]. The proxim-
ity of various technologies and infrastructures in local areas allows the
creation of energy hubs as an effective concept for decentralized energy
systems [19]. Energy hubs on the scale of a neighborhood, district,
or city can share investment costs and maximize the utilization of
expensive technologies. Large energy systems, such as seasonal energy
storage or energy-to-X° conversion paths, can serve many consumers,
resulting in a low-cost energy supply [20,21].

In addition to the technical transformation, non-negligible socio-
economic and institutional aspects also affect the reconstruction of our
energy systems [22,23]. Energy hubs are, therefore, a complex socio-
technical system consisting of multiple actors, various decision-making
entities, and technological artifacts governed by energy policy in a
multi-level institutional space [24,25].

The transformation pathway for renewable energy systems
must deal with increased complexity and rapid implementation,
or else we will neither be able to reduce greenhouse gas emis-
sions fast enough nor ensure affordable energy prices and reliable
supply [26].

1.3. The current state and future pitfalls of energy system design

The current design process for building and district energy systems
is based on a waterfall concept [27].” ASHRAE GreenGuide [28], and
comparable standards in Germany (DIN 276:2018-12) and Switzerland
(SIA 112:2014), defines the design process accordingly, and industry
largely adopted it to plan energy infrastructure. This approach focuses
linear and sequential processes, where each phase of the project life-
cycle is discrete, and you must complete one phase before moving on
to the next. It does not consider modular, reusable elements, which
facilitates immediate feedback when testing individual modules or
when adapting the elements for a specific use case.

In recent decades, integral design principles have been added to
the waterfall design process for buildings to meet the requirements of
a more holistic system design. Coordinators were introduced into the
design process to leverage synergies between disciplines [28]. They are
primarily concerned that intersections are managed and clashes pre-
vented between disciplines. But there is little effort to optimize build-
ings and their energy infrastructure in a holistic, systemic approach that
allows reusability of components and tracking the performance of the
integrated system at each stage of the design process.

Despite efforts to overcome disciplinary silos, the building design
process is still organized around disciplines, such as mechanical, elec-
trical, control, or architectural design. Typically, a mechanical engi-
neer develops the building’s heating, ventilation, and air conditioning
(HVAC) system based on the architect’s specifications and in compli-
ance with the current regulations. Their system specification is then
passed on to the control engineer, who in turn tries to find the best

5 See also https://www.energy.gov/femp/distributed-energy-resources-
resilience# (accessed June 6, 2023).

©® Energy-to-X is used as a synonym for power-to-X.

7 The waterfall model originates from the construction and production
process, where highly structured procedures must be followed, as late changes
are expensive or even impossible.
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control design for the given specification. There is no or little interac-
tion among disciplines to co-design buildings or energy infrastructure
as a holistic system. PBD has been suggested as an integrated workflow
to overcome the silos between HVAC and control systems design [29];
however, the focus is on building and equipment scales and does not
consider the higher levels of neighborhood, district, and city scales for
energy system defossilization.

The technology mix of renewable energy systems is more diverse
than today’s energy system, which still relies to a large degree on fossil
fuels. To use multiple energy sources, and to match supply to demand,
a wide range of technical solutions is needed: solar systems, geothermal
probes, storage systems, heat pumps, combined heat and power plants,
and/or district heating systems, to name a few. In addition, these
technologies require advanced controls that respond to weather, loads,
prices, or carbon intensity, and manage multiple energy carriers and
stakeholders’ needs. Such dynamic decisions not only affect operations
but must be taken into account in the planning phase for system
configuration and technology sizing to achieve resilient energy system
designs. Managing and de-risking the complexity of integrated solutions
is essential to ensure fast time-to-market and affordable solutions.

The challenges that energy system design workflows will face in
the future include increasing complexity, broadening interdisci-
plinary collaboration, and consideration of the entire life cycle:
design, build, operate, and dismantle.

1.4. Inspiration from other industries

The energy sector is undergoing a similar transformation in perfor-
mance requirements and system complexity as the semiconductor or
automotive industries did a few decades ago. These industries were
the first to apply PBD, revolutionizing the way chips and automobiles
are manufactured. In light of how this new approach to design has
changed the value chain of entire industries, it is highly likely that such
a development could be very productively used in the energy industry.

1.4.1. Semiconductor industry

The semiconductor industry’s principal approach to meet cost, per-
formance, and time-to-market was — and still is — design automa-
tion [27], which allowed the industry to go from a few hundred
handcrafted transistor chips of the 1970s to the billion transistor chips
of today. The PBD approach was developed to distill the principles of
electronic design automation to provide a rigorous framework where
reusability, abstraction, and refinement — the separation of concerns
between what a system is supposed to do and how it does it — play a
fundamental role. This methodology is used to provide directives on
how to extend the design of a chip into a system-on-a-chip and multi-
chip packaging. PBD can determine trade-offs between various aspects
of manufacturing costs, nonrecurring costs, and design productivity.
This approach is key to reuse, flexibility, and efficiency in design and
production [30].

1.4.2. Automotive industry

Automotive electronic system design was the first extension to
another industrial domain of PBD. Cost pressure, flexibility, extensi-
bility, and the need to cope with increased functional complexity are
changing the fundamental paradigms for the definition of an elec-
tronic architecture in automotive and aeronautics systems. Today’s
automobiles are required to support an ever-increasing number of
functions, such as active cruise control, lane departure warning, and
collision avoidance, made possible by the semiconductor evolution.
These functions are complex, distributed, interdependent, and time-
critical. The integration of these commands requires several stages of
planning and arbitration and an unprecedented level of integration and
cross-dependency among functions and systems [31].

PBD was introduced in this industrial domain to decouple the hard-
ware architecture from functional requirements, allow the migration
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from one hardware architecture to another quickly and inexpensively,
and favor the reuse of software functions and hardware components.
The principles of PBD are an integral part of the definition of the
AUTOSAR architecture that has become pervasive in the automotive
domain.®

In conclusion, digitized industries have successfully undergone
their transformation thanks to new design processes.

1.5. The role of digitalization in energy system transformation

Digitalization pushes today’s energy systems into cyber—physical
systems. This by itself creates possible systems with higher complexity
given the critical interfaces between the digital and the physical compo-
nents. On the other hand, a digitalized workflow (i.e., design process),
if correctly developed, can help manage cyber-physical system design
and operation. Thus, digitalization presents great challenges but also
great opportunities in several large industries, including electronics,
automotive, defense and aerospace, telecommunications, instrumen-
tation, and industrial automation [32]. The energy sector stands to
benefit from their experience.

The emergent cloud computing and the Internet of Things (IoT)
are prerequisites for a cyber—physical energy system. Future energy
systems will access various distributed sensors and contextual data of
generation, conversion, and storage technologies as well as networks
and appliances [33]. However, new requirements for the design of
energy systems arise due to growing quantities of data and the need
to extract actionable insights. Digital twins can help overcome these
challenges, as they can integrate various datasets and can be regularly
updated using real-time measurement data. Digital twins are built using
distinct multi-physics or data-driven models to cover the entire lifecycle
of the energy systems or their components [34,35]. The emerging
concept of digital twin will provide a holistic information basis —
setting the single source of truth for all design and operational aspects
and allowing collaborative planning and effective decision-making with
all actors [36].

In today’s energy planning processes, digitalization is usually con-
sidered an additional feature or separated discipline (federated archi-
tecture) [37] rather than an integral element of a system design [38].

Driven by digitalization, model-based design for energy sys-
tems is evolving but still a niche, applied for highly specialized
processes, e.g., thermal process design in the chemical indus-
try. However, this emerging design process establishes a founda-
tion for new design principles to address holistic energy system
design [39].

2. Concept of PBD for energy systems

Today’s energy system design processes cannot cope with the chal-
lenges outlined above. We argue that this shortcoming can be addressed
by developing a PBD framework that integrates energy hub principles.
This framework:

» Improves scalability: PBD enables the creation of modular,
reusable components based on energy hub principles that can be
combined and scaled to reduce time-to-market and implementa-
tion risk.

Enhances interoperability: PBD in combination with energy hub
principles enables holistic design among different sectors, do-
mains, and disciplines and their seamless operation.

Propels innovation: PBD facilitates innovation by enabling de-
velopers to build on existing platforms and leverage existing
components, subsystems, and tools.

8 https://www.autosar.org/ (accessed July 11, 2023).

Applied Energy 352 (2023) 121955

+ Promotes reliability: PBD builds on verified components and sub-
systems to deploy reliable new energy systems.

+ Increases flexibility: PBD in combination with energy hub princi-
ples enables energy systems to be customized and adapted to meet
the specific needs of different stakeholders and applications.

Overall, applying a PBD-Energy hub framework will improve effi-
ciency, innovation, and quality in the energy sector, leading to more
sustainable, affordable, and resilient energy systems. The explanations
in the following section assume an understanding of PBD principles.
The PBD concept is well documented, both in the method and in various
case studies [39-41]. A summary of the PBD key principles can be
found in the Appendix A.2.

2.1. Platforms for energy system design

Applying PBD requires careful system design thinking. Progressing
from the basic requirements toward implementation requires inter-
mediate design stages or platform layers to effectively explore the
design space. Intermediate platform layers have to follow the PBD rules
of structuring the design process into independent aspects [39]. The
challenge of finding an appropriate platform stack with its intermediate
platform layers is to specify only as many layers as necessary and
as few as possible, in the interest of reusability, flexibility, and rapid
design-space exploration.

A promising platform stack for designing decentralized energy sys-
tems is oriented on its spatial resolution (Fig. 1). Such a structure
is currently applied to develop geo-coupled energy systems in urban
areas.’

The spatial resolution depicted in Fig. 1 is consistent with the ab-
straction levels of energy systems: Technical equipment, such as pumps,
valves, heat exchanger, and controllers, at the equipment scale can be
combined into building energy systems such as energy transfer stations,
and HVAC systems at the building scale. These systems, in turn, can be
connected by different types of networks, such as electrical, thermal, or
gas grids, forming district energy systems at the corresponding scale.
Multiple district energy systems form the energy system of a city or
community. At each level of abstraction or platform, the system is
characterized by its components and properties. On the highest layer,
the City Energy System Platform layer, components and properties
are then typically expressed by specific performance indicators, as we
observe in energy master planning tasks [42].

This bottom-up process can be applied to analyze either a single
building or a whole city energy system, depending on which level of
abstraction the analysis process stops. Moving from lower to higher
levels of abstraction, a project can be studied at each scale in terms
of its behavior and performance. Building stock dynamics and their
impact on the energy demand, for example, can be systematically
modeled and studied by conducting such an abstraction process [43].
Typically, the bottom-up process establishes a model framework of the
current situation on which a top-down refining process can develop
future transformation scenarios.

A top-down process can then be applied to develop energy systems
for either single buildings or whole cities, again, depending at which
level of abstraction the design process stops. In any case, system
design should always start at the highest level of abstraction at which
decisions can be made, relating to the functional requirements at this
corresponding level [39]. The mapped solution on the starting level
provides requirements to the subsequent lower-level platform, which
analyzes how its solution can meet the requirements with refined com-
ponents. At the very end of such a refinement process, the most suitable
specification level for the energy system to be analyzed is reached and

9 See, Horizon2020, ERA-Net - Geothermica Project GOES, https://www.
goes-project.info/ (accessed July 14, 2023).
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Fig. 1. Spatial scales of decentralized energy systems. On the right, the different scales are assigned to their corresponding Platforms or Layers, defining the Platform Stack of
decentralized energy systems. The tools mentioned on each platform are exemplary and serve for a better understanding in the following illustrative example.

its components are defined accordingly — ready for implementation.
At this stage, the components are regarded as atomic components on
which no further decomposition will take place. There might be some
components that reach their atomic stage at an early level of abstraction
if they are fully specified and available.

In general, the relevant boundary conditions, such as policy, regu-
lation, standards, social norms, and spatial constraints, must be consid-
ered as the system’s environment that affects the solution at each scale
and hence the requirements on the subsequent layer. The platform stack
with its intermediate layer defines the design exploration space, which
is framed by the system boundary conditions, forming a holistic PBD
framework for energy system design.

2.2. Combining PBD and energy hub principles

On each Platform, the decentralized energy system can be repre-
sented as an energy hub, which is composed of various architectural
components. An energy hub is, by definition, not limited to traditional
trade, such as HVAC and electrical systems, or information and commu-
nications technology, but can consider any energy assets in a holistic
framework. The functional requirements will define the configuration
and specification of an energy hub. Its design process is conducted by
mapping functional to architectural components, and the solution is
represented as a platform instance or as an energy hub specification.
Energy hubs comply with the basic principles of PBD not to neglect in-
terdependent components or systems, but rather to separate the design
tasks into functional requirements and architectural components.

For abstraction or refinement, multiple hubs on a particular plat-
form layer can be aggregated into a single hub on the next higher level.
Or conversely, an energy hub can be decomposed into multiple hubs
on the lower level of abstraction. On the level where the refinement
cannot be expressed as an energy hub, the hub has then to be fully
decomposed in its equipment.'® Applying energy hub concepts by using
PBD combines two powerful concepts to tackle the energy system
transformation. Fig. 2 shows an example of the energy hub concept
applied in a PBD process.

The energy hub concept also accounts for the principles of or-
thogonalization of concerns [39]. On a specific level of abstraction,
energy hubs can be developed separately, according to their technical

10 Every piece of equipment (or Atomic Component) could also be developed
using its own separate PBD process. This would be conducted outside of our
design space.

or spatial domain. On the next higher level, these separated hubs
can be aggregated, either within the same domain or among different
domains. For example, various buildings in a particular neighborhood
can be designed as individual energy hubs. District heating networks
and electrical microgrids connect these energy hubs and establish an
interrelationship. At the neighborhood level, the buildings (hubs) and
grids (networks) are aggregated into the same spatial domain as a single
hub to analyze the district energy system. Moreover, the aggregation
of different domains, i.e. independent neighborhoods, into a city-scale
energy hub enables the analysis of utility-scale technologies, e.g., large
combined heat and power facilities, utility batteries, and superordinate
heating networks.

In every technical or spatial domain, energy hubs can be designed
separately and aggregated at the appropriate level of abstraction. Such
a structure enables holistic decentralized energy system design while
managing its technological, economic, and spatial complexity.

2.3. Digitalization leveraging PBD in the energy sector

The rapid expansion of available data sets allows us to describe
and model energy systems at every level of abstraction. The functional
description, representation of architectural elements, and the meet-in-
the-middle mapping process can be automated according to the PBD
principles. Moreover, cyber-physical elements allow energy system
designs that are adaptive and reusable. Software, as part of the cyber
elements, enables customization to satisfy different functional require-
ments by reusing hardware. Configurable energy systems or subsystems
can be implemented in various sites by simply reprogramming the
system’s behavior. Hence, energy systems that are built according to
PBD principles have a great potential to scale.

In Fig. 3 we indicate how architectural elements (Library) could be
described or modeled and how requirements (Functional space) can be
mapped (Tools) to find platform instances by a digitalized workflow.
The Platforms presented in Fig. 3 and their Functional and Architectural
elements are exemplary and non-exhaustive.

3. Illustrative example for an energy system design

To demonstrate the PBD process, we will design an energy system
for a virtual neighborhood with three clusters of residential, office,
and hospital buildings, representing a typical mixed-use area in Zurich,
Switzerland (Fig. 4). Details about space heating and domestic hot wa-
ter, cooling demand, and technical specifications can be found in [44].
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Fig. 2. The energy hub concept applied in a PBD process. The layer above a given layer abstracts the energy hub or aggregates multiple energy hubs below. Energy hubs from
different domains can be aggregated on subsequent higher-level energy hubs. Networks can build interrelationships between energy hubs at a given level of abstraction. At the
lowest level, where implementation occurs, energy hubs are decomposed into specific types of equipment and controls.

Functional space Tools Architectural space
A for i o
s Al s Al
Decision makers Requirement1  Requirement 2 Library
Policy Feedbacks:
,,,,,,,,,,,,,,,,,,, - - i - Impovments Nationa/
Regulation F .
Policy Authorities Affordabiity \ \ . Minimal 9 < Ciimate & Energy regional
. ____Platorm ! Politicians imported CO2
targets measures
. . Strategies GIS, Digital Twin Elements of
sy?g:gz%,m Co?:r:lsng min. LCC antéoopgiimc 9 4 € Master Planning, Master Plan
I - n "
project site MILP Optimisation colections
...................................................... S| g
District Energy Energy ’ fossil fuel-free \  Resources MILP
Planners min. LCC <] imisati
System Platform technology A 4 Optimisation
R A SR N R L L L LR L LR R R NATIEEREER RN
Architects; min. Energy & _'::é:/:;r: Sizing B | MILP MILP
Engineers costs forihuecd \ 4 Optimisation Models
R N R N N R LT CHH EO s L LRI SRR (A
Technology b N .
Equipment . HVAC min. CAPEX configuration Speclﬁcaﬂons‘ L e s D/IREt_ Hy“ljlrlré-EI)AE
Platform ngineers & sizing imulation odels
................................................................ Bomiiiss D” BlM
T inslaiaton min. CAPEX \ \ = Technology drawings manutadtin Standards,
oo Petlom specification & mstatiation ote.

Implementation,
Operation

Fig. 3. Exemplary PBD process for decentralized energy systems and typical elements of the functional and architectural space which support a digital workflow.

We also considered electricity demand for general appliances by ap-
plying the standard values (20-30 kWh/m?2) for new Swiss buildings
and rooftop area for solar installation (5 m2 per inhabitant).!' The
illustrative example cannot exhaustively demonstrate the advantages
of PBD in tackling complex design challenges; however, the example
allows us to see how PBD can be used to design a decentralized energy
system that is Pareto-optimal with respect to system cost and CO,
emissions.

The energy hub concept is used to describe the energy system at
different levels of abstraction. We start the PBD process at the city scale,
which is our highest level of abstraction on this project, addressing the
decision-making of city authorities. At the City Energy System Platform,

11 gee Appendix A.1.

the energy hub represents the city’s energy master plan, whose creation
is typically led by consulting firms [19]. Following the PBD process
principle of refinement, we refined the City Energy System Platform
Instance into the District Energy System Platform, which deals with
network technologies such as district heating systems. In order for the
energy planners to find the most appropriate solution at this level
of abstraction, the single hub can be decomposed into multiple hubs
representing the three building clusters and the water treatment plant.
The next level of abstraction is the Building Energy System Platform,
where architects and consulting engineers can optimize the building
envelope and the energy system for each hub. Next, at the Equipment
Platform, the energy hubs will be decomposed into their HVAC systems,
components, and control logic, which will then be fully specified by
HVAC engineers — ready for implementation (see also Fig. 2). In the
following section, the detailed process steps are described.
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Hospital

Fig. 4. Layout of a virtual neighborhood in Zurich, Switzerland (visualization Kanton/Stadt Ziirich).

3.1. City energy system platform

This platform is the starting point, where the community’s require-
ments are defined as providing an affordable, reliable, and carbon-free
energy supply, as set forth by the city of Zurich [26].!> The to-be-
developed energy master plan can be modeled as an aggregated energy
hub. Candidates for the city energy hub, defining the architectural
space, are: (a) available energy resources, (b) future heating, cooling,
and other electricity demand, and (c) prospective types of energy
infrastructure. Mapping requirements and architectural components to
find the most appropriate energy master plan is done by multi-objective
optimization using mixed-integer linear programming (MILP) [45,46].
Fig. 5 shows the energy hub of the neighborhood on the city scale,
which formulates the MILP model.’® In order to analyze the optimal
transition of today’s infrastructure, the hub model also considers oil and
gas boilers (grey-shaded boxes in Fig. 5). As a result, Fig. 6, (a) shows
the entire Pareto front from the highest (red dot) to the lowest (green
dot) CO, emission solutions. As we shift from today’s high-emission
energy system to a low-emission one, Pareto point (1) delineates the re-
quired system transformation, representing an optimized energy master
plan.

The mapped solution, i.e., the Platform Instance (Pareto point (1)
in Fig. 6), reveals an energy master plan that promotes district heat-
ing and cooling (DHC) utilizing geothermal heat, waste heat from
the water treatment plant, and photovoltaics (PV) to facilitate local
self-consumption (Fig. 5, colored components). At the city scale, the
aggregated and hence abstracted technology models are sufficiently
accurate for master planning and to set the requirements for the District
Energy System Platform.

Pareto point (1) meets the criteria for a carbon-free city that speci-
fies ensuring minimal imported CO, and affordability: Switching from
today’s natural gas and oil boiler-dominated heating infrastructure to
a renewable-based energy system reduces the CO, emissions by ~75%,
causing a green premium, payment of 156 CHF per reduced metric ton

12 No CO, emissions at the city scale, according to the City of Zurich’s
phase-out regulation of fossil fuels. To comply with the national carbon policy,
imported CO, emissions have to be minimized.

13 The MILP model was built with software from Urban Sympheny AG
(https://www.sympheny.com/#1), a spin-off of the Empa — Swiss Federal
Laboratories for Materials Science and Technology and solved by the Gurobi
Solver (https://www.gurobi.com).

of CO, [47], see Fig. 6(a).'* To ensure affordability, the green premium
has to be lower than the expected carbon tax of 168 CHF per metric
ton [20].

3.2. District energy system platform

The solution of the City Energy System Platform is now passed to
the District Energy System Platform as its requirements: district heating
and cooling system, solar PV system, zero carbon emissions inside the
project perimeter, minimal imported CO, emissions, and minimal life
cycle costs. Refined requirements that result from this solution are
allowable CO, emissions and maximum equipment cost and capacities.
If a smaller heat pump with a larger buffer tank, for example, satisfies
the emission target while meeting the load, then such a system design
can be selected.

In the architectural space of this platform, there are still spatially re-
lated but refined options,'® These options include (1) boreholes down to
300 m in depth, (2) roof-top PV systems, (3) DHC sizes, (4) connections
to the public electrical grid, (5) thermal and electric storage systems,
and (6) waste heat at 15 °C supplied by the adjacent water treatment
plant with a maximum capacity of 350 kW.

The use of wood-fired boilers, air-source heat pumps, or electrical
chillers are not an option anymore as these technologies have been
eliminated in the City Energy System Platform.

The mapping of the requirements to the architectural components
(1) through (6) creates hundreds of promising system combinations and
equipment sizes for analysis. Finding the Pareto-optimal solution can
again be conducted using MILP optimization of the refined energy hub
model as shown in colored components of Fig. 5. Choosing the most
appropriate solution, Pareto point (2) on the Pareto front of the refined
energy hub optimization (Fig. 6(b)) defines the Platform Instance. In

14 The green premium refers to the price difference between a service that
emits carbon and its carbon-reduced or carbon-free alternative. In other words,
it is the extra cost one would have to pay to get an energy system in a way
that releases less or no greenhouse gases compared to the fossil-fueled system.

15 The refinement leads to increasingly detailed models. For instance, a PV
system modeled at the city scale represents a consolidated area with a single
orientation, one slope, and a consistent conversion rate. When viewed at the
district scale, the PV system is depicted as areas with varied orientations and
slopes. However, at the building scale, a PV system is portrayed as a rooftop
system that mirrors the actual orientation and slope of the roof. Additionally,
panels and inverters are individually modeled based on their efficiency rates.
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grey-shaded technologies represent the fossil-fuel-dominated heating systems common today (the red dot in Fig. 6).
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our case, it is the Pareto point with the lowest life cycle cost, as it will
fulfill the requirement of the city’s carbon emissions and affordability.
There are Pareto-optimal solutions with fewer CO, emissions. However,
the green premiums for these solutions are exceptionally high and do
not comply with the affordability requirement.

In Fig. 6, Pareto points (1) and (2) depict identical energy system so-
lutions. Their differing life-cycle costs and CO, emissions, indicated by
the orange arrow, arise from refinements made between the city-scale
and district-scale energy hubs.'®

The selected solution is the one that combines a district heating
and cooling system with the following conversion technologies: en-
ergy transfer stations totaling 2,520 kW space heating (SH) capacity,
2,230 kW cooling capacity, and, for domestic hot water (DHW), 145 kW
heating capacity; heat pumps with a seasonal performance factor above
2.5 (DHW) and 5.3 (SH), which was an assumption of the MILP; roof-
top photovoltaics (PV) totaling 1,300 kW,; and waste heat supply from
or rejection to the water treatment plant with about 350 kW load
capacity. As far as storage technologies, the optimal design selects no
batteries but rather a borehole field that uses the ground as seasonal
heat storage with multiple probes, with a maximum capacity of 1,220
MWh. The buildings are connected to the public electrical grid, which
results in 110 g of imported CO, emissions per supplied kWh. The tariff
is 0.24 CHF/kWh for supply and 0.14 CHF/kWh for feed-in.

3.3. Building energy system platform

The mapped solution at the District scale provides the functional
requirements for the Building Energy System Platform, where the previ-
ously analyzed energy hub is decomposed into four sub-hubs, represent-
ing the residential, office, and hospital buildings, as well as the water
treatment plant and the borehole field used for seasonal storage. In each
sub-hub, there are multiple options to configure the building’s energy
transfer station or the connection to the DHC system. To keep the
illustrative example simple, we assumed a fixed DHC design according
to [44]. Fig. 7 shows the four decomposed energy hubs at the building
scale with the DHC and electricity networks.

The resulting Platform Instance at the Building Energy System Plat-
form describes the DHC system as an ambient-temperature grid with de-
centralized heat pumps (the 5th generation of DHC systems [44]). The
PV system assigned to each building maximizes the self-consumption of
these prosumers, which is further supported by the use of the thermal
storage capacity of the DHW tanks. The specification of each building’s
energy transfer station, the water treatment plant with its connected
borehole field, and the DHC network can now be passed as functional
requirements onto the subsequent Equipment Platform. In addition,
the upper limits of CO, emissions (300 tons/a), caused by imported
electricity, and life-cycle costs (1,000,000 CHF/a) set the boundary
conditions for the following refinement step (see Fig. 6, Pareto point

(2).
3.4. Equipment platform

The architectural space of the Equipment Platform contains various
detailed designs of components representing heat pumps, heat exchang-
ers, valves, pipes, and controls. These components may also differ
according to their manufacturers. Equation-based simulation (using
Modelica, in this case) provides an effective and efficient approach to
find (i.e., map) the optimal selection of components and the best system
configuration according to the functional requirements. At this level,
system simulations are conducted to solve the system of differential-
algebraic equations of the thermal network, fluid network, and electri-
cal system, coupled to feedback control. This gives detailed electricity

16 The increase in life-cycle costs for the refined analysis is specific to this
example. In a different analysis, a more detailed approach might result in lower
life-cycle costs.

Applied Energy 352 (2023) 121955

use, heat requirements, and mass flow rates, and informs the selection
of components and the design of the control logic. A typical mapping
task is described in [44], explaining how increased pipe diameter and
improved control logic of the main pump achieve maximum efficiency
and thus minimize operation costs. The Platform Instance found with
Modelica is shown in Fig. 8.

The refinement of the model in the Equipment Platform yields the
following performance, where values in parentheses are the require-
ments from the Building Energy System Platform: boreholes with a
depth of 300 m (300 m); energy transfer stations totaling 2,529 kW
(2,520 kW) heating capacity, 2,129 kW (2,230 kW) cooling capacity,
and 141 kW (145 kW) for DHW water; heat pumps with a seasonal per-
formance factor of 5.9 SH (5.3) and 2.6 DHW (2.5); roof-top PV totaling
1,355 kW, (1,300 kW,); and waste heat supply from or rejection to the
water treatment plant with maximal 322 kW (350 kW). The following
storage technologies are chosen for the optimal design: no batteries and
a borehole field of 1,442 MWh (1,220 MWh) capacity. The boundary
conditions of CO, emissions and life-cycle costs establised by Building
Energy System Platform need to be proven by post-calculations and, if
necessary, improved by iteration.

Hypothetically, if the requirements cannot be met (as not illustrated
in this example), the instance on the higher platform has to be renegoti-
ated, or the system has to be redesigned. For example, choosing a heat
pump with a higher seasonal performance factor from an innovative
manufacturer on the Equipment Platform results in additional heat
supply by the low-temperature DHC network, as presented in [48].
Hence, the DHC system must be redesigned, and the expected increase
in efficiency must be proven on the higher-level Building Energy System
Platform.

The specifications of all components, connections, controls, etc. that
define the detailed design of the neighborhood’s energy system can
then be passed to the Installation Platform. The fully described energy
system can be mapped to Building Information Model (BIM) elements,
listed in the architectural space providing the necessary procurement
and installation information. The control logic of the system can also
be passed through a mapping process through the use of the Control
Description Languages (CDL) [49,50], thereby ensuring a high quality
of implementation, commissioning, and operation. In this way, PBD
allows equipment suppliers to efficiently customize their components,
ready to be installed by ESCOs and ready for operation.

4. Discussion
4.1. The need for a new system design workflow

In today’s energy system design process, the system solution is usu-
ally determined by first choosing from two to four variants. Based on
the selected variant, the required technologies, layouts, requirements,
and functions are then separately specified in the basic design phase for
each discipline — such as mechanical, electrical, control, or architec-
tural design. In the detailed design phase, precise drawings, schematics,
and descriptions are prepared for each discipline, which can then be
tendered. During the construction and commissioning phase, cost and
quality control are performed.

Moreover, today’s waterfall model forces system design from macro-
to micro-granularity information of each component. Interactions are
rarely considered among subsystems or components that facilitate
system-level optimization. It is rather a discipline-specific design pro-
cess that fails to consider all of the systemic interactions between
disciplines or even between domains. And, there are no principles
to effectively abstract or refine a system during the design process.
Requirements are typically expressed only vaguely, and there is little
if any feedback from detailed design back to conceptual design. The
waterfall model also does not support the reuse of architectural com-
ponents. All steps have to be repeated by every project again and again.
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Fig. 7. Decomposed energy hubs for the three building clusters and the water treatment plant, showing the technologies that were mapped on the aggregated energy hub at the

District Energy System Platform.

Principles for automation or scalability — essential if we are to address

the challenges of the future energy system design — are missing.
Moving from a discipline-specific waterfall model to the PBD-Energy

Hub framework presented here addresses the challenges of urgency and

complexity as identified in Section

1.2:

+ PBD enables an automated system design and hence acceler-
ates the defossilization of energy systems. At each platform
data, models and tools can be applied to support uniformed
decision-making, i.e., a meet-in-the-middle process. This, in turn,
allows platforms to be interconnected, establishing a holistic digi-
talized design workflow. In addition, PBD process encourages the
continuous improvement of components and subsystems in the ar-
chitectural components library. Feedback loops with standardized

10

interfaces between the design steps are a crucial feature of PBD.
A recognized failure observed, for example, in the construction
or operation phase is reported back and leads to improvements
at the particular level of abstraction. Such an implicit learning
curve will also reduce the time-to-market.

PBD embraces the increased complexity of renewable-based,
decentralized energy systems and provides a full exploration
of the design space, and hence drives innovation from design
to implementation. The energy system design is no longer lim-
ited to a particular degree of complexity that can be overseen by
one expert or inspired by well-known solutions. Multiple stake-
holders contribute their knowledge at the appropriate level of
abstraction. The unified PBD principles allow expert inputs to be
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Fig. 8. Modelica model of the neighborhood’s energy system on the Building Energy System Platform. Details of this model can be found in Appendix A.1.

abstracted or refined during the design process to ensure efficient
collaboration.'”

In general, The PBD-Energy Hub workflow enhances the indus-
trialization of energy systems, leading to improved quality, reduced
implementation time, and greater affordability. Establishing reusable
independent components for architectural libraries, which can be cus-
tomized to a project’s functional requirements at every level of abstrac-
tion, is the key to scalable services and products.

4.2. Additional value creation by design principles

Along the value chain of energy system implementation, innova-
tion can be facilitated at various stages to reduce costs and increase
customer benefits. The following design principles used in PBD-Energy
Hub leverage such value creation:

» PBD facilitates rapid component innovation. At every plat-
form, virtual architectural components can be introduced, repre-
senting the necessary innovation to improve the energy system
further [39]. Because of the strict separation of function and ar-
chitecture, the innovation can be conducted independently of the
project design or neighboring platforms. Conversely, new prod-
ucts can be integrated into the corresponding architectural library
and are thus available for all upcoming projects — immediately.

17 For example, implementing new innovations in buildings’ protection from
solar gain or insulation levels to reduce first cost will flow back to reassessing
its impact on already agreed-upon HVAC system choices and operational
performance, which also impacts the district energy system.

11

» PBD integrates BIM to automate the design process. PBD
and the energy hub concept can provide a framework for the
design process that unleashes the full potential of BIM. Emerging
BIMs establish a comprehensive data framework that allows the
exchange of information among different stakeholders, domains,
and disciplines within the building sector [51]. But even as BIM,
and its fast-developing tools, transform the craft-dominated con-
struction industry into a digitalized, automated industry, the
design, construction, and operational processes are not evolving
accordingly. Today, BIM is more of an add-on to existing pro-
cesses than a fully integrated part, but PBD-Energy Hub is poised
to change that.

It enables effective risk mitigation. The energy hub concept
considers the whole system in an interdisciplinary environment
at every platform layer, capturing the full complexity of a sys-
tem. Thus, the holistic nature of PBD and energy hub principles
enable de-risked system implementation by considering relevant
interactions and interference between domains, disciplines, and
components as early as possible in the design process. A robust
design must begin at the highest level of abstraction to ensure
reliable operation at the end of the design process.

It allows contractual collaboration of multiple project part-
ners. Structuring the design tasks into connected platforms
(Fig. 3) defines a clear design process in which the solution from
the previous platform acts as a functional input into the next
platform. The transition from a higher-level to a lower-level plat-
form is defined by contracts [32,52], which allow specifying the
desired function. Given the functional specification of a contract,
the contracted platform can find the most appropriate architec-
tural solution through its meet-in-the-middle process. Contracts
between platforms might also reflect the industry’s structure,
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as different companies can offer a service at different levels of
abstraction. PBD with its contractual feature could strengthen the
collaboration between industry partners.'®

In general, interoperability within and between platforms is one of
the crucial prerequisites for developing an effective and highly autom-
atized PBD process that leads to the above value creation. On every
platform, common semantics and formats to exchange information
must be defined to map functional requirements and architectural com-
ponents to platform instances. To pass an instance to the next platform,
the information exchange among platforms also has to be harmonized.
Applying a powerful data framework that defines formats, semantics,
and ontologies is a major challenge for PBD. Developments toward the
interoperability of models and data sets can be seen in [53,54].

5. Outlook
5.1. Potential impact on the value chain

The successful dissemination and scaling of PBD will rely heavily on
the value the market players can generate. How will system designers
adapt their business models based on these new insights? How will PBD
affect the energy system value chains? What workforce skills or level of
expertise is needed to operate PBD processes on particular platforms?
Further investigations in the field of socio-economic science are needed.

PBD, as presented here is not limited to the energy sector; rather, it
is a sub-process of an even more holistic infrastructure design. A first
attempt to describe PBD for the building sector is presented in [55].
Other adjacent industries in the energy and building sector can be
further integrated with the PBD concept, allowing exploration of an
even broader solutions space to reach ambitious goals faster, at lower
cost, and with higher resilience.

5.2. Levers for dissemination

Ongoing digitalization connects a wide range of elements in the
urban area to the cloud. The resulting cyber—physical elements use
these vast and growing data and allow customization and new applica-
tions by providing software-embedded systems to the building industry.
A major advantage of this trend is the reuse of physical and digital
components. Unlocking the strength of embedded systems in energy or
other building system design, PBD is a process that has been proven
in various industries and should be adapted and further developed to
support the building and energy industry in its digital transformation.

One of the greatest challenges is to develop common semantic
domains to exchange information between components, platforms, do-
mains, and disciplines. System representations are being developed that
allow a high level of automation in the deployment and configuration of
software for building controls and analytics. They range from languages
to express the semantic information of building energy systems [56] to
languages for expressing the building control logic in a control/vendor-
independent format [49]. These can serve as a basis to digitize control
specification, delivery, and verification [50,54] and to deploy analyt-
ics in a building-agnostic way [57]. These languages are now being
standardized through ASHRAE Standard 223P and 231P, and comple-
ment existing data representations such as Industry Foundation Classes
(IFC, ISO 16739-1:2018). As our research proceeds, we will build PBD
in combination with energy hub principles on these upcoming data
representations.

18 Moreover, the fee for the different design steps in the PBD process can
be easily calculated according to the functional description of each platform
(see, for example, SIA Norms Leistungs- und Honorarordnungen (LHO) from
101 to 118, http://shop.sia.ch/normenwerk/D/SubGroups)
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5.3. Potential impact of PBD

We have shown how an industry in transition facing increasing
complexities, innovation needs, and market dynamics could address its
challenges by rethinking the design process. In particular, if the US and
Europe replace all fossil fuel-supplied energy systems in buildings by
2050, a retrofit rate of roughly 3% will be required.’” In other words,
more than 40,000 building energy systems have to be transformed ev-
ery working day, starting today. A new energy system design process is
necessary to accelerate the massive deployment. Digital transformation,
PBD, and energy hub principles, hand in hand, provide a solution.

In the Horizon2020 - ERA-Net Smart-Energy-System project,
Geothermal-Based Optimized Energy Systems (GOES)* we are devel-
oping, testing, and validating a PBD-Energy hub framework in several
different regions (US, Denmark, Germany, Austria, and Switzerland) for
different projects (schools, homes, and offices) and for multiple scales
(campuses, neighborhoods, buildings). The insights gained from these
projects will support the development of PBD and its dissemination in
the energy industry. Moreover, the application for energy system design
will showcase the ability of PBD to transform system design in the built
environment.

6. Conclusion

Inspired by the semiconductor and automotive industries, the en-
ergy sector facing similar transformation challenges. An industry un-
dergoing transformation not only needs innovation for new products,
services, and business models, but also needs new design processes
to enhance its value chain. The combination of PBD with the energy
hub framework can be used to fundamentally improve the process of
planning future energy systems. PBD, with the integrated energy hub
principles, manages and de-risks the complexity of integrated solutions,
enables fast time-to-market, and leads to affordable solutions due to the
inherent techno-economic analysis that underlies the decision-making.

The major advantage of PBD over the current design process is the
rigorous distinction between functional requirements and architectural
components, allowing the reuse of architectural components in other
projects. Successfully applied components or subsystems, like heat
pumps with seasonal borehole storage systems, can be incorporated
into upcoming projects by simply parameterizing the subsystem.

Moreover, PBD separates the steps of the design process into dif-
ferent platforms, allowing independent design decisions to be made
at the right level of abstraction while maintaining a holistic view
and overarching requirements. This allows for effective design space
exploration and handling of the complexity of energy systems in ways
that are untenable in current approaches.

A current response to the increased complexity of innovation in
the energy sector is focalization [58]. Firms, but also funding agencies,
regulators and politicians, are focusing on the innovation of parts or
components of an energy system. However, the vertical and horizontal
disintegration of the industry’s value chain calls for a reorganization
of the design process: Discipline- and domain-specific consulting, en-
gineering, architecture, and construction firms must collaborate with
each other as part of an integrated design process. Co-design and
integrated concurrent engineering are established methods that tackle
certain challenges of integrated system design, and thus, could be
significant contributors to PBD development. PBD, with its contractual

19 In the US, 65 to 70% of all commercial and residential buildings (ap-
proximately 135 million) are supplied by fossil fuels (US Energy Information
Administration, https://www.eia.gov/consumption/), and 75% of all buildings
in the EU (approximately 230 million) are supplied by fossil fuels (Buildings
Performance Institute Europe, https://www.bpie.eu/).

20 (http://www.geothermica.eu/projects/joint-call-2021/goes/ and https://
www.goes-project.info/)
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approach that bridges various disciplines and domains, offers a compre-
hensive process for industry and stakeholder collaboration. As a result,
spatial planning, architecture, and civil engineering can be seamlessly
integrated into a holistic design workflow using the PBD concept.

PBD and energy hub design principles can transform the current
prevailing waterfall model into a holistic, comprehensive, and collabo-
rative method for energy system design that enables design automation.
In view of the pace and challenge of defossilization, such a process
transformation is critical to achieve governments’ ambitious goals for
net-zero carbon emissions by 2050.
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Appendix

A.1. Data availability

The MILP optimizations were conducted with Sympheny https://
www.sympheny.com. The Modelica simulations were conducted with
Dymola 2023x on Linux Ubuntu 20.04. The models are available at
https://www.github.com/1bl-srg/modelica-sympheny-district-pub
(commit ¢8015c8).

A.2. The general concept of PBD

The PBD concept is well documented, both the method itself and in
various case studies. The basic principles of PBD [39-41] are to:

1. Start at the highest level of abstraction.

2. Hide unnecessary details of implementation.

3. Summarize the important parameters of the implementation in
an abstract model.

4. Limit the design space exploration to a set of available compo-
nents.

5. Carry out the design as a sequence of “refinement" steps that
go from the initial specification toward the final implementation
using platforms at various levels of abstraction.
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An essential characteristic of the PBD paradigm is the orthogonal-
ization of concerns, which allows the separation of the design space
aspects: The functionality (what the system is supposed to do) is sepa-
rated from the architecture (how the system does what it is supposed
to do). This allows a more effective and efficient exploration of the
architectural space that supports the required functionality. Hence,
mapping functions to architectural solutions will become an essential
step in the process from conception to implementation [39].

The following description of PBD concept, i.e. platform, mapping,
design and modeling principles, is extracted from [31,39,41].

A.2.1. Platform principles

A platform is a library of components that can be assembled to
generate a system design at a particular level of abstraction. Such a
design library contains not only mathematical models, representing
physical and digital components that perform in a quantifiable manner,
but also communication components that are used to interconnect
components to form a system.

It is important to keep physical, digital, and communication com-
ponents well separated so that different methods for representing and
refining systems can be applied. Design by aggregation of compo-
nents (abstraction) requires great care in defining the communication
mechanisms as they may facilitate or hinder design reuse. Unexpected
behavior of the system configuration is often due to negligence in
defining the interfaces and the communication among the components.

In general, each library component is characterized in terms of
performance parameters and the functionality it can support. Not all
components in the library are pre-existing components. Some library
components can be “virtual components”, which are placeholders for
yet-to-be-developed components. Virtual components provide flexibil-
ity of customization or express the need to innovate new components
as part of the design process.

A.2.2. Mapping principles

Platforms represent a particular family of solutions that share com-
mon architectural features, i.e., components of the platform. Hence,
components of a platform can be reused to form various system solu-
tions. Since the notion of a platform is associated with a set of potential
solutions to a design problem, the process of mapping a functionality
(what the system is supposed to do) with the platform elements that
will be used to build a platform instance or an ‘“architecture" (how
the system does what it is supposed to do) is crucial. This mapping
process is the essential step for refinement and provides a mechanism
to proceed toward implementation in a structured way.

The PBD design process is neither a fully top-down nor a fully
bottom-up approach in the traditional sense; rather, it is a meet-in-the-
middle process (see Fig. A.9(a)) as it can be seen as a combination of
both:

+ A top-down approach maps an instance of the required function-
ality of the design into an instance of the platform (architecture)
and propagates constraints.

+ A bottom-up approach builds a platform by choosing components
of the library to form a system that characterizes it and an
associated performance abstraction, e.g., a seasonal performance
factor of a heat pump.

The middle is where functionality meets the architectural config-
uration, which represents the solution or instance of the platform.
Given the original semantic difference between the two, the meeting
place must be described with a common semantic domain so that the
mapping of functionality to components of the platform, to yield an
implementation, can be formalized and automated.

A prerequisite for the adoption of the PBD and of the meet-in-the-
middle approach is the definition of the right models and abstractions
for the description of the functional specification at the top and for
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Fig. A.9. The PBD concept: (a) a generic platform, (b) the PBD process.

the architecture solutions at the bottom of the hourglass of Fig. A.9(a).
The platform interface must be isolated from lower-level details but, at
the same time, must provide enough information to allow design space
exploration with a fairly accurate prediction of the properties of the
implementation.

A.2.3. Design principles

To better represent the refinement process and to stress that plat-
forms may pre-exist the functionality of the system to be designed,
we turn the triangles on their sides and represent the middle as the
mapped functionality. Then, the refinement process takes place on the
mapped functionality that becomes the function at the lower level of the
refinement. Another platform is then considered underneath with the
mapped instance, and the process is iterated until all the architectural
components are implemented in their final form. This process is applied
at all levels of abstraction, demonstrating what we call the fractal nature
of design — the design problem repeats itself at every level of the
hierarchy. The resulting Fig. A.9(b) exemplifies this aspect of the design
methodology.

The result of the mapping process from functionality to architecture
can be interpreted as functionality at a lower level of abstraction where
a new set of components, interconnections, and composition rules are
identified. To progress in the design, the new functionality has to be
mapped to the new set of architectural components. If the previous step
used an architectural component that was fully instantiated, then that
part of the design is considered concluded and the mapping process
involves only the parts that have not been fully specified yet.

Establishing the number, location, and components of intermediate
platforms is the essence of the PBD process. In fact, designs with
different requirements and specifications may use different interme-
diate platforms, hence different layers of regularity and design-space
constraints. The trade-offs involved in selecting the number and charac-
teristics of platforms relate to the size of the design space to be explored
and the accuracy of the estimation of the characteristics of the solution
adopted.

The choice of the intermediate platforms may also be dictated by
business concerns and by the common agreement of the supply chain
in specific industrial segments. However, degrees of freedom should be
exploited inside any of the companies in the supply chain and in the
definition of the components even across company boundaries.

A.3. Glossary

See Table A.1.

21 The component reaches its atomic stage, and its decomposition stops.

(b)

Table A.1
Glossary.

Cyber—physical elements

Design space

Specification

Behavior

Property

Component

Atomic component

Element
Functional component

Architectural component

Communication component

Virtual component

Library

Platform

Platform layer

Platform stack

Platform instance

Model

Interacting digital, analog, physical, and human
components engineered to provide functionality
through integrated physics and logic®

The space of all possible solutions to a problem

Description of what a system must do; it could
include multiple layers of abstraction

Representation of what a system does at each
level of abstraction

A subset of behaviors that characterizes a system

Function, model, or communication element
representing physical or computational items

The element on the lowest level of abstraction,
where the decomposition stops

A component
Description of the behavior of a component”

Description of the physical, digital, or virtual
component to be used to build a system®

Connection among architectural elements used
to form a system, such as a bus or network.
Communication components also include
connections among functional elements that are
used to decompose a high-level task, e.g.,
protocols, adaptors, and channels

Placeholder in a system for a
yet-to-be-developed architectural component

A set of components that contains available
functional, architectural, communication, and
virtual components that can be reused

The set of architectures that can be assembled
using the library of components to generate a
design

A layer that represents an intermediate platform
at a particular level of abstraction, one that
structures and constrains the design space

A set of platforms that contains multiple
intermediate platform layers representing the
whole design

A specified architecture that defines the system
(how the system does what is supposed to do)
Software representing components in a virtual

environment using equations
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Table A.1 (continued).

Digital twin

A virtual representation of an object or system
that spans its lifecycle, which is updated using
real-time data and uses simulation, system
identification, and reasoning to assist
decision-making?

Application An operational program that performs a function
by executing software
Domain Independent activity or system, especially one

Semantic domain

Discipline

Energy hub

Reusability

Partitioning

Pareto-optimal

which has its own control, influence, or rights
A mathematical characterization of a language.
Defining a common semantic domain between
functional and architectural components allows
the optimized mapping of function to
architecture

A subdivision of knowledge or expertise applied
to the performance of professional tasks in a
particular field

A set of consumers, producers, storage,
transmission, conversion, control, and
communication components, assembled to form
an energy system

A feature of PBD that allows the “recycling” of
a component or a part of a component

An artifact that allows part of a set of
components to be reused

The optimal configuration where it is impossible
to reconfigure them without worsening one of
the considered requirements

2 According to M. Bartock, J. Cichonski, M. Souppaya, M. Smith, G. Witte,
and K. Scarfone, 'Guide for cybersecurity event recovery’, National Institute of
Standards and Technology, Gaithersburg, MD, NIST SP 800-184, Dec. 2016. doi:
10.6028/NIST.SP.800-184.

b What the system is supposed to do?

¢ Software provides the operational support to perform a function on a chosen
architecture (hardware).

d IBM. What is a digital twin? 2021. https://www.ibm.com/topics/what-is-a-digital-
twin (accessed Mai 29, 2023).
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