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Abstract: Without decarbonizing cities energy and climate objectives cannot be achieved as cities ac-
count for approximately two thirds of energy consumption and emissions. This goal of decarbonizing
cities has to be facilitated by promoting net-zero/positive energy buildings and districts and repli-
cating them, driving cities towards sustainability goals. Many projects in smart cities demonstrate
novel and groundbreaking low-carbon solutions in demonstration and lighthouse projects. However,
as the historical, geographic, political, social and economic context of urban areas vary greatly, it
is not always easy to repeat the solution in another city or even district. It is therefore important
to look for the opportunities to scale up or repeat successful pilots. The purpose of this paper is to
explore common trends in technologies and replication strategies for positive energy buildings or
districts in smart city projects, based on the practical experience from a case study in Leipzig—one
of the lighthouse cities in the project SPARCS. One of the key findings the paper has proven is the
necessity of a profound replication modelling to deepen the understanding of upscaling processes.
Three models analyzed in this article are able to provide a multidimensional representation of the
solution to be replicated.

Keywords: smart city; net- and nearly-zero-energy buildings; positive energy communities and
districts; renewable energy integration; energy flexibility in buildings and communities; simulation
and optimization methods; practical experience from demo sites

1. Introduction
1.1. Background and Motivation

Cities have been considered as the major contributors to the overall greenhouse gas
emissions and this tendency is only going to get stronger. By 2050, over 70% of the global
population will be living in cities [1]. Increasing the share of renewables in the energy
mix will not help to reduce CO, emissions to the limits set in the Paris agreement: [2]
the consumption should also be reduced by achieving ambitious targets for energy ef-
ficiency. However, without decarbonizing cities current energy and climate objectives
cannot be achieved as cities are responsible for about two thirds of energy consumption
and emissions [3]. This goal of decarbonizing cities has to be facilitated by promoting net-
zero/ positive energy buildings and districts and replicating them, driving cities towards
sustainability goals.

It is important to bear in mind that almost complete decarbonization is a key objective
of the EU by 2050 [4], particularly for long-lived infrastructures such as energy infrastruc-
tures. The EU position [5] is based on the idea that a sustainable decarbonization policy
cannot be built solely on reducing emissions or saving energy, but on “creating value” for
cities and people, taking full advantage of the technology and the increasingly growing
opportunities generated by digitalization. If such mitigation (and climate adaptation)
strategy is well implemented, cities will solve many socio-economic problems by procuring
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creative solutions, promoting cross-sectoral cooperation, creating new business models,
and partnering with the private sector and residents.

Many projects in smart cities show novel and groundbreaking approaches and are
often creative in nature (for example, REMINING-LOWEX where the heat energy stored
in old mine shafts was used for the heating and cooling of buildings; EnerGAware—a
mobile app-based game that is linked to the actual energy consumption (smart meter data)
of the game user’s home and allows to transfer energy savings achieved virtually to the
reality and decrease the energy consumption costs; the STORM—a project which tackles
energy efficiency at district level by developing an innovative district heating & cooling
network controller, based on self-learning algorithms). Detailed information about these
and other EU-funded smart city projects available in the Smart Cities Information System
(SCIS) database: https://smartcities-infosystem.eu/sites-projects/projects accessed on 11
December 2020. Various approaches are demonstrated in urban living laboratories, test
beds, pilots, and lighthouse projects. This evidence-based approach is very useful for
life-testing outcomes, procedures, strategies and insights in a particular territorial context.
However, as the historical, geographic, political, social and economic characteristics of
urban areas vary greatly, not only between cities, but also between districts and even
communities, it is not that easy to repeat the project in another city or even district. At
the same time, the findings of a demonstration or pilot should be transferable to other
locations and circumstances in order to give the project a broader and deeper impact, and
to promote urban transformations towards sustainability and resilience [6].

In order to avoid the situation where pilot schemes are an “on-off” exercise, there is
a strong need to look for opportunities to scale up and repeat successful pilots. Sharing
experiences and best practices, repeating, replicating and scaling up already implemented
and life-tested projects is the key to further uptake and acceleration of low-carbon smart city
solutions as such “success stories” help to build trust among stakeholders and positively
influence the decision-making process [7].

1.2. Methodology

The study is designed as follows (see Figure 1). At first, different existing models and
frameworks of replication in smart cities were compared, and replication models were
chosen for further analysis. Using the deconstruction method of analysis, the authors
prepared a matrix which can be applied to the particular case in a smart city project in
order to define the project’s replication type.

In parallel, in the quantitative part of the study, a model for the energy related
parameters of the demo district was prepared. The input data for the modeling exercise
were prepared the following way. Regarding the demand-side, the annual heat demand as
settled is disaggregated to derive an hourly demand profile of the relevant buildings in the
demonstration district applying the Hellwig [8] procedure. With respect to the supply-side
the solar thermal plant is characterized by the following technical parameters: peak power
and total annual heat generation, number of solar panels, technological specifics of the
system. After that, the input data are transferred to a modeling toolbox establishing the
specific energy system model of the demo district. The model output data were analyzed
in order to understand the potential for the upscaling of the demand and supply side of
the district’s heating energy, and one of the models was applied.

Synthesizing the results of the research, the replication process in the EU smart
city project SPARCS was described step-by-step in order to demonstrate the practical
application of the replication models and the energy system modelling.
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Figure 1. Research Design.

1.3. Definitions and Objectives

Since 2016, buildings have accounted for almost 40% of the EU final energy consump-
tion according to the EU energy efficiency monitoring tool ODYSSEE-MURE [9]. Overall,
the building sector accounts for 41% of the final energy consumption and 60% of the
electricity consumption in the EU. Two thirds of this intake belong to residential buildings.
This opens a tremendous potential for energy efficiency gains in Europe.

In 2018, the European Parliament gave its final approval on the revised Energy Per-
formance of Buildings directive (EPBD). The EPBD is a part of the implementation of the
Juncker Commission priorities to build “a resilient Energy Union with a forward-looking
climate change policy”. The Commission wants the EU to lead the clean energy transi-
tion. For this reason, the EU has committed to cut CO, emissions by at least 40% by 2030
while modernizing the EU’s economy and delivering on jobs and growth for all European
citizens. In doing so, the Commission is guided by three main goals: putting energy
efficiency first, achieving global leadership in renewable energies and providing a fair deal
for consumers [10].

In the same year, the Program on Positive Energy Districts and Neighborhoods has
been established [11] by the Action 3.2 on Smart Cities and Communities of the European
Strategic Energy Technology (SET) Plan, but the exact definition of a Positive Energy
District (PED) and its boundaries are still under discussion. In general, PED is a “working
area” in smart city projects with a focus on energy, sustainability and emission reduction
or, to put it another way, the functionality of a PED is enabled by a smart city. In a SET Plan
a PED is defined as following: “Positive Energy Districts are energy-efficient and energy-
flexible urban areas or groups of connected buildings which 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 Technology (ICT) systems, while securing the energy supply and a
good life for all in line with social, economic and environmental sustainability.” [12]

The Thematic Working Group on ICT for energy efficiency states that: “Energy-
positive buildings and neighborhoods are those that generate more power than their needs.
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They include the management of local energy sources (mainly renewable, e.g., solar, fuel
cells, micro-turbines) and the connection to the power grid in order to sell energy if there is
excess or, conversely, to buy energy when their own is not sufficient” [13].

The purpose of this paper is to explore common trends in technologies and replication
strategies for positive energy buildings or districts in smart city projects. This paper
discusses some of the barriers that prevent the successful replication of PEDs and suggests
strategies to overcome them, taking the city of Leipzig as an example.

The paper is structured as follows. The concept of replication in smart cities is
discussed and an overview of the existing models and frameworks which help to categorize
different types of replication is given in Section 2. Thereafter, the case study of a particular
smart district in Leipzig within the framework of SPARCS, an EU-funded smart city project,
is described and preliminary results as well as suggestions for upscaling are provided
(see Section 3). In Section 4 the adoption possibility of the solution demonstrated in the
case study by the fellow cities of SPARCS project is examined and discusses the possible
replication challenges. Finally, a conclusion is presented and results are discussed in
Section 5.

2. Replication: The Collaborative Approach

What is a replication? According to the Cambridge Dictionary, replication is “the act
of making or doing something again in exactly the same way, or something that is made or
done in this way” [14].

The EU Smart City Information System (SCIS) definition is partly aligned with the one
from the Cambridge Dictionary and claims that replication is the “possibility of transporting
or ‘copying’ results from a pilot case to other geographical areas, albeit with potentially
different boundary conditions”, but it also includes “the management process that was
used in the pilot scheme or the cooperation structure between critical stakeholders.”

The definition prepared for the European Parliament’'s Committee on Industry, Re-
search and Energy is the following: “Replication essentially means repeating successful
Smart City initiatives in another locale or replicating the same type of Smart City in other
cities. These replicas would be based on matching the aggregate characteristics (population,
income distribution, local economic characteristics, socio-economic outcomes), and deliber-
ately creating a similar strategic vision and portfolio of (locally relevant) initiatives.” [15]

As was mentioned in the introduction, the idea of replicating smart city projects goes
beyond reducing CO, emissions in a given district/city or refurbishing some buildings:
The intention is to make the process of decarbonizing cities in Europe easier and faster. In
this case, the definition given by the EU Parliament’s Committee describes the replication
process in the best way highlighting that this process is more about “matching the aggregate
characteristics” and “creating the similar portfolio” rather than “copying results from a pilot
case”. Having this definition in mind, it is easy to suggest that replication requires a deep
understanding of the scaling process of smart city solutions as well as the establishment of
strategic cooperation between cities on European and international level.

In this section, we will have a look at two contemporary replication models which have
been proposed by the literature. (The third model described in this paper (A. Radecki) is not
a replication model but an economic model describing costs and benefits of a single smart
city solution.) Provided by leading researchers, these models serve the above-mentioned
goal: to deepen the understanding of processes of scaling up the smart city solutions and
to provide a common background for establishing a collaboration between the cities.

2.1. Replication Model I (W. van Winden)

One of the most descriptive models to capture the processes of scaling up smart-city
solutions is the one suggested by the Dutch urban researcher Willem van Winden [16]. He
proposed a clear distinction between three types of upscaling: roll-out, expansion, and
replication (see Table 1).
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Table 1. Replication types of smart city solutions (W. van Winden).

Scaling Type Description
A technology or a solution that was successfully tested and developed in the pilot project needs
Type 1. Roll-out to be brought to the consumer or to the market (Market roll-out) or applied in the entire
Market roll-out organization/city (Organizational/city roll-out). The new technology does not fundamentally
Organizational/city roll-out challenge the current state-of-theart technology and is easily adoptable. Does not require new

partnerships, major behavioral or organizational changes.

The technology/solution developed in a pilot can only be “expanded” by (a) adding
partners/users (Quantitative expansion), (b) enlarging the geographical area covered by the
solution (Geographic expansion), or (c) added functionality (Functional expansion).
Collaborating partners create added value, or the value of the solution grows with the number
of participating organizations. Also relevant for local circular economy projects.

Type 2. Expansion
Quantitative expansion
Functional expansion
Geographic expansion

The most ambitious type of scaling. The solution/technology that was developed in the pilot
project is replicated in another context (another organization, another part of the city, or another

Type 3. Replication city) and involves the complexity of the new context (legal-, organizational- or
Organizational replication partnership-wise). The project might be done by the same or new partners, but it never is the
Geographical replication exact copy of the pilot.

Replicate (exactly or by proxy) the solution in another context by the original partners involved
in the pilot project (organizational replication), or by others (geographical replication).

Van Winden highlights that these types of replication are different but not mutually
excluding: a project may scale in various directions simultaneously, having some parts of
the project replicated according to one type and other parts to another (see Figure 2).

low Context sensitivity high
— - -
Type 1 Type 2 Type 3
Roll-out Expansion Replication
A 4 p /
inthe city more functionaliby same «— partnership — new
inthe organisation argerarea |
inthe market more partners same +——— City —— new

Pilot project

Figure 2. Three types of scaling a pilot project against the context sensitivity.

For the purpose of this paper, whenever we refer to the term “context” we consider
the interrelated conditions in which a smart city solution or a project is maintained.

To apply the model to the particular case in a smart city project and define the project’s
replication type, the following matrix can be used (see Table 2).

Van Winden created his scheme by observing and classifying the completed projects,
but his matrix can be used for mapping out the replication strategy for ongoing projects.
For example, taking the Type 1 criteria as requirements, we can describe the solution
which can be easily rolled-out: a successfully tested solution which does not fundamentally
challenge the state-of-the art technology, behavioral patterns or organizational structure,
does not require new partnership, does not anticipate regulatory challenges and does not
require new budget.
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Table 2. Evaluation matrix to define the replication type of the solution.

Criteria

Type

Type 1: Roll-out

Type 2: Expansion

Type 3: Replication

Technology:
engineering potential

successfully tested
and developed

added functionality

must be further developed
or redesigned

Technology:
commercial potential

commercialized /brought to
the market (market roll-out),
widely applied in an
organization (organizational
roll out) or rolled out in the
entire city (city rollout)

the value of the solution
grows with the number of
participating organizations

the project is able to create value

Technology:
Innovative potential

don’t fundamentally
challenge the current
state-of-the-art and are
easily adoptable

the innovation is not a single
product controlled by one
organization, but a
co-production that depends
on a close alignment of
more partners

not the exact copy of the pilot,
new context, the consumer
reaction to the product is
not known

Geographical context

within one company/city

enlarged geographical area
covered by the solution
(compared to the pilot)

totally new context (compared
to the pilot project)

No of partners

no new
partnership established

collaborating partners create
added value;

can be done by the original pilot

partnership but also by others,

and the replication can be exact
or by proxy.

Behavioral or
organizational changes

no major changes

the upscaling is more
complicated due to the nature
of the solution that was
developed and the
partnership relations

the solution developed in the
pilot must be re-designed by the
new partners in the
new context.

Changes of interests or
organizational cultures

no major changes

relevant for local circular
economy projects (where the
waste of company x is reused
as input for company y)

involves the complexity of the
new context (legal,
organizational or
partner context)

Modifications of the
product/solution required

no major
modification required

a solution is a co-production
that depends on a close
alignment of more partners.

the solution never fully matches
the original.

Process is managed by
one organization

the one that initiated the pilot,

based on a profitable business

model; the organization has a
high level of control

there cannot be a
straightforward “rolled out”
because there is limited
control over the process and
several independent
organizations are involved

managed by consortium of
partners, the pilot organization
may or may not be present

Regulatory and
legal barriers

limited

transaction and
communication costs are high.

the lack of standards, open data

formats and protocol poor
knowledge transfer

mechanisms; Communications

about a project, if existing, tend
to focus on the successful
outcomes, rather than the

design process and the
difficulties that were tackled
along the way

Funding scheme

subsidized /co-funded

co-funded, external
investments, revenue from
the project

usually no to little funding;
external investments, revenue
created by the project
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A smart city project is a complex venture which includes different stakeholders with
varying rationales, ambitions and perspectives regarding the upscaling. Moreover, the
partners follow different motivations to take part in the project itself from conducting
a study that might be commercialized later on to establishing close relations with the
local government or improving their own sustainability policy. Therefore, more research
is needed to study the dynamics in the area of upscaling where different interests meet
and collide.

At the same time, a smart city project must maintain a good balance between explo-
ration (developing new knowledge and competencies associated with Research&Development
and innovation) and exploitation (implementation, scale production, refinement). Pilot
projects, after all, are designed mainly for the exploration stage [17].

2.2. Replication Model II (The Morgenstadt Framework)

Another framework which has been used widely in smart city projects within the
EU is the Morgenstadt Initiative developed by the Fraunhofer Institute for Industrial
Engineering (IAO). Using innovation management methodologies and a range of tools and
measures, e.g., international city surveys, “city labs”, analytical tools, online assessment
instruments, etc. this framework aims to accelerate development that helps to reduce
energy and resource consumption while enhancing the livability and prosperity of a city.

2.2.1. Morgenstadt Model for Sustainable Urban Development

Starting from a systemic analysis of six leading cities (Singapore, Copenhagen, Freiburg,
New York City, Berlin and Tokyo) Fraunhofer researchers aligned and synchronized in-
sights from all cities in one action-oriented model—called the “Morgenstadt Model for
Sustainable Urban Development”.

There are three types of data available in the Model [18]:

e  Urban indicators

Over 300 indicators are used for measuring the performance of the cities within the
eight defined sectors and for assessing the social, economic and environmental state of the
city. All indicators are put into one of the following three categories to provide a complete
basis for quantitative analysis of the status quo in any city:

Pressure Indicators—indicate which pressures exist on the city system from the differ-
ent sectors and from the social, economic and environmental point of view.

State Indicators—describe the current state of the environment, the society, the econ-
omy and the different technology sectors within the city.

Impact Indicators—show which impact the city system has on the environment, the
society, the economy and long-term resilience.

e Key action fields

The 83 defined key action fields for sustainable development represent the Morgen-
stadt Model core. Assessing the state of key action fields allows to create a city profile and
analyze the coherency of existing strategies and measures. Relating key action fields to
indicators allows us to assess whether the response of a city is in line with pressures and
state and really helps optimizing outputs for enhanced sustainability.

e Impact factors

An impact factor analysis uncovers why certain progress happens (or does not happen)
in a particular way in a specific urban system. Understanding the constellation of impact
factors of a city means understanding external pressures, underlying forces, dynamics,
socio-cultural and historical implications that are present within a city and have an impact
(often unnoticed) on decisions, structures, strategies and measures taken on the city level
and on the project level. Identifying impact factors is complex and needs trans-disciplinary
reflection of the researchers. It builds upon an on-site analysis, addressing specific interview
questions, applying defined interview techniques, using pre-structured interaction of the
researchers and working with mind maps and clustering of impact factors.
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Innovative City

Analyzing the three main levels of urban systems (indicators, action fields, and impact
factors) the Model describes the selected cities in depth and helps to understand their
sustainability performance. The full list of urban indicators, key action fields and impact
factors as well as detailed descriptions of their evaluation and assessment is presented in
the Morgenstadt: City Insights—Final Report [18].

2.2.2. Morgenstadt City Index

A simplified version of the methodology defined within the Morgenstadt Framework
is the Morgenstadt City Index (Figure 3). It provides a general, yet accurate, representation
of urban performance derived from statistics and data already available and does not
require costly and time-consuming surveys and analysis.

Leipzig

o o
1000, 100%  90% - gn0.

Liveable City

20% 60%

10% 10%
60% 40%
70% 50%
20% 70%
80% 40%
90% 50%
30% 30%
50% 80%
Environmentally 50% 80%
Conscious City 100% 20%

100%  90%

Figure 3. Leipzig City Index assessment.

To create the City Index, 28 indicators were identified and categorized into four central
themes (quality of life, environmental consciousness, innovation and resilience) in order
to measure the future viability of a city. (For the full list of the indicators and their values
refer to the Appendix A and Morgenstadt City Index Online Documentation). Through
graphic visualization of the results, the Morgenstadt City Index offers a snapshot of a
city identifying its strengths and weaknesses, and presents a baseline for a city’s strategy
for improvement. The indicators within the City Index were classified on a scale of 0 to
10 points (or 0 to 100%). The values for each indicator and its place on the scale illustrate
where the focus of the city development should lay. The only absolute benchmark is set for
CO; emissions: The target value is CO; neutrality.

Below is the graphic representation of the City Index assessment [19] done for Leipzig,
one of the lighthouse cities in the SPARCS project.

Interpretation of the Research Results

Liveable City
In terms of quality of life, Leipzig hits exactly the middle of the scale, with individual
factors being quite extreme: On the one hand a very low poverty rate (1.1%) and quite favor-
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able rents, but one the other hand one of the highest unemployment rates (within Germany).
The bad access to medical care and polluted air contribute to low life expectancy—with
80.3 years Leipzig lies in the middle of the lower third of the scale. Despite the small
number of cars, public transport only has average usage, the situation for cyclists is quite
positive from the perspective of the citizens. Another plus is the high amount of green and
water surfaces within the city.

Resilient City

The city has a rather low debt level, but is very strongly dependent on subsidies from
outside—with 58% of self-financed expenditures. The economy is well diversified. In
such areas as “risk management” and “disaster control” Leipzig does well, and the city is
already thinking about a new Climate Adaptation Strategy.

Environmentally Conscious City

With a low waste volume of 291 t per head (average amount = 430.14 t per head), a
rather low water consumption of 121.80 L per person per day (average amount = 120-123 L)
and CO; emissions 6.62 t per head (average amount = 8.4 t) Leipzig scores well as an
Environmentally Conscious City. The share of renewable energies is expandable (30%); the
same applies also to the recycling rate—only 38% versus the average of 45%.

Innovative City

In the area of innovation, Leipzig is in the top third of the scale and offers good
conditions for research and experimentation. There is an above-average number of newly
founded companies, but the number of highly qualified jobs and patents can still be
increased significantly. Due to the relatively high number of city inhabitants, the student
share is 6.59% which is quite low.

The idea behind the Morgenstadt Framework is to create a tool-kit for the collaboration
between cities, industries and research institutions. Developing the model, the Fraunhofer
researchers witnessed several challenges that industry and businesses are facing while
working together with cities: A single company can never meet the needs of a city, nor can
a city implement innovative solutions without cooperation from business partners from
different sectors. The Morgenstadt Framework is designed to address these challenges with
a new collaborative approach: to initiate and accelerate the long-term transformation of
cities into sustainable urban systems, and to thereby create both international and Germany
based reference projects on the city-level.

2.3. Connected Solutions and Benefits Model (Alanus von Radecki)

To further deepen the understanding of the scaling process of smart city solutions,
the connected solutions and benefits model was suggested by Alanus von Radecki and
first used in the Triangulum project [20]. The basic principle behind the replication of
smart city solutions lies within economies of scale [21] meaning that the cost advantage
for a company increases with the increased output of goods or services. However, the
conventional business models of scaling would not work with smart city solutions.

There are two general approaches which describe the cost-benefit relations in energy
economics:

e The efficiency model, where the technological innovation itself is able to reduce
external costs and to increase the socially efficient allocation through a free market
allocation of money and technology at the same time; An investment is made into a
key technology or solution (e.g., an efficient LED-light bulb) because the increased
efficiency of the technology leads to (energy) savings over time which, in turn, leads
to lower energy costs for operating the light bulb. After a time period the investment
has paid itself off and money is saved.

e  The policy model, where the government closes the gap for the investor with a subsidy
or a regulation that makes investments into the desired technologies more profitable
than investing into conventional alternatives, and therefore provides an economic
rationale for incentivizing investments into clean technologies and for developing
the markets of green tech. We encounter it, for example, when governments provide
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subsidies for desired technologies (e.g., solar- and wind energy, electric vehicles etc.),
or regulate the market through taxes and fees (e.g., for polluting cars).

With digitalization and clean and efficient technologies starting to take off, a third
economic model becomes viable, and it is intrinsically linked to smart cities.

e  The connected solutions and benefits model is a new economic paradigm to link the
value creation of integrated socio-technical systems to a set of different beneficiaries
and types of benefits. For example, an electric car-sharing solution reduces noise in
cities, frees up urban space, reduces emissions and increases personal mobility for
everyone. A hybrid district energy grid reduces fossil fuel consumption, maximizes
clean energy use, achieves cost effective production use and storage of energy through
intelligent balancing schemes and increases the livability for city dwellers that have
electricity and heat at their demand at any time.

The basic concept for leveraging the additional value of connected solutions lies within
identifying all the additional benefits that come on top of the conventional efficiency model,
therefore all benefits the solution creates for a range of different stakeholders, need to be
identified in a first step.

The identified beneficiaries then invest their money (or use corresponding investment
schemes) into the solution proportionally to the benefits that they will achieve. Usually a
large part of the required return of investments (ROI) will already be generated through the
efficiency model. Therefore, it is estimated that the identified beneficiaries will only need
to invest a smaller share of their own estimated benefits (10-30%), making the solution
highly attractive to a range of beneficiaries (see Figure 4).

Beneficiary E
Beneficiary C Beneficiary D
. Beneficiary F

Beneficiary B \
- ) Beneficiary G
Beneficiary A
o Benenclary H

'|/

Investments ROI

T T

Figure 4. Connected solution and benefits model (Alanus von Radecki).

The main problem with distributed benefits and shared investments is the risk that
is connected to achieving the benefits. It means that prospected benefits of smart city
solutions need to be proven under reproducible circumstances in order to convince future
beneficiaries to become smart city investors. This makes the connected solutions and
benefits model firmly linked to smart districts—places where the positive effects of a
connected solution can be proven, and where many different beneficiaries are able to create
different kinds of value through the interaction of many systems and people.
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3. Case Study: Demonstration District “Leipzig-West”

The following section presents preliminary technical results for a particular smart
district case study in Leipzig within the framework of SPARCS, an EU-funded Smart city
project [22]. An economic analysis of the case study is out of scope for the paper at hand. A
short introduction is provided for the energy related parameters of the demo district and
the applied operational framework (Section 3.1). Next, additional data are derived and
pre-processed for the application of an optimization model (Section 3.2). In Section 3.3 the
modelling results as well as deduced indicators are presented and discussed. Finally, the
technical perspective of an upscaling of the demonstration district in Leipzig is outlined
considering potential challenges and limitations.

3.1. Introducing the Case Study

As part of the SPARCS project, the city district “Leipzig West” is transformed into a
smarter, more interactive district. To enable this process multiple deliverables are defined
for the project [22]. The overarching goals comprise the set-up of a Virtual Power Plant
that also embraces the integration of a community energy storage as well as community
demand response measures. Additional tasks include the provision of energy services for
prosumers supported by the blockchain technology, enhanced by ICT applications and
user interfaces for electricity consumption monitoring.

One main element of SPARCS is to show pathways for a decarbonization of district
heating. The demo district is characterized by social housing units that make up the multi-
tude of apartment buildings. For construction of new development areas or retrofitting of
existing areas multi-criteria decision making methods can be applied to achieve an optimal,
energy efficient building/district design [23]. As the demo-district is made up of existing,
recently retrofitted buildings, a renovation is not a viable option. The demonstration
activities should enable the provision of heat based completely on renewable energy for
those properties in the area that are connected to the heating grid infrastructure. For the
demonstration district this condition is met by seven apartment buildings with a total of
about 300 tenants, owned by the municipal housing company. According to the housing
service provider, the total demand for heating and hot water supply is approx. 1300 MWh
each year.

Among other measures, the installation of renewable power generation plants on the
supply side of the district heating system can support the complete provision of renewable
heating energy to the system. The municipal utility, Leipziger Stadtwerke (LSW), as owner
and operator of the district heating grid, has decided to build and integrate a solar thermal
power plant for district heating purposes. Based on the planning, the site for the solar
thermal plant will take an area of about 11 ha. The solar heat supply is projected to be
25-30 GWh per year, whereas the peak power will be ca. 30 MWp. In addition, a thermal
storage unit will be installed nearby with a capacity of ca. 30 MWh. To model the demand
and supply behavior of the case study’s energy system an Energy System Optimization
Model (ESOM) is used (see Section 3.2) [24].

In [25] a review and overview of currently existing definitions of PEDs and similar
concepts is given and three PED-frameworks are defined. One of them states: “PED
virtual—a district that allows the implementation of virtual renewable energy systems
and energy storage outside its geographical boundaries. The combined annual energy
generation of the virtual renewable energy systems and the on-site renewable energy
systems must, however, be greater than the annual energy demand of the district.”

As the solar thermal power plant and the demonstration district are not in direct
geographical vicinity, the solar thermal power plant must be viewed as a virtual renewable
energy system in the above-mentioned manner. Furthermore, an annual surplus of regen-
erative heating energy over the district’s heating demand is expected. According to this
definition the considered district of the case study is a virtual PED.

In Ala-Juusela et al. [26] the concept of an energy positive neighborhood (EPN) is in-
troduced, defined and operationalized. For this case study, the key performance indicators
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(KPI) that have been developed for the operationalization of EPNs will be applied. This
includes KPIs for the so-called Onsite Energy Ratio (OER), Annual Mismatch Ratio (AMR),
Maximum Hourly Surplus (MHS), Maximum Hourly Deficit (MHD), and Monthly Ratio
of Peak hourly demand to Lowest hourly demand (RPL). For calculating the first KPI the
annual values of energy production and demand are sufficient (The KPIs are defined and
measured for several forms of end-use energy, e.g., heating, cooling and electricity. We
focus on heating energy in this study). However, the majority of the KPIs require input
data with a higher temporal resolution, i.e., hourly values.

3.2. Input Data and Model Setup

Within this section we present a modeling approach to analyze the projected impact
of the solar thermal plant on the decarbonization efforts of the demo district. In doing
this, the analysis can be abstracted from the estimated date of commissioning of the plant
in 2023. Moreover, the heat demand is virtually balanced against the hourly solar heat
generation, enabling the calculation of district specific KPIs. In practice, the generation
portfolio of the district heating system consists of several gas-fired cogeneration units, gas
boilers, and thermal storage units that impede a correct allocation of single carbon-free
energy sources to specific parts of demand-side.

In the first step, the input data for the modeling exercise have to be prepared. Re-
garding the demand-side, the annual heat demand as settled is disaggregated to derive
an hourly demand profile of the relevant buildings in the demonstration district applying
the Hellwig procedure [8]. This method was developed at the TU Munich in cooperation
with multiple natural gas suppliers to estimate the demand of small customers and the
resulting amount of gas distributed in the grid. It utilizes statistical load profiles of differ-
ent customer groups to emulate the heating demand depending on ambient temperature
and building parameters (age, number of tenants). Firstly, the annual heating demand
is disaggregated to daily values using a normalized regression function. Secondly, the
daily values are further disaggregated into hourly values by means of percentage factors
contingent on ambient temperature, building parameters and the customer group, e.g., the
private housing sector in this case.

With respect to the supply-side the solar thermal plant is characterized by the fol-
lowing technical parameters: peak power and total annual heat generation, number of
solar panels, technological specifics of the system such as collector efficiency 7y and heat
loss coefficients a1, a,, total aperture area A as well as the temperature level of the district
heating system ¢,,—and environmental parameters—ambient temperature ¢, and global
irradiance G at the chosen location. Given those data the hourly thermal power output

Q of the plant is calculated considering the following physical relations, expressed by
Equations (1) and (2):

Q=AXGxy 1)
with

O — 0, O — 0,)?
mGaiazx(mGa) (2)

m="n0—ax

According to Ecuation (2) the optical efficiency 1 decreases due to thermal losses
through the temperature gradient between the fluid inside the solar collector and the
ambient temperature (9, — 9,) as well as the transmission losses that occur through
reflection at the collector’s surface. Given the hourly temperature and irradiance data from
the “Deutscher Wetterdienst” for the specific location, we simulated an hourly heat output
of the solar thermal power plant. [27]

In a second step, the input data are transferred to a modeling toolbox establishing the
specific energy system model of the demo district. The modeling framework IRPopt (Inte-
grated Resource Planning and optimization, version hash: 847078050cdd3535be63d564bae71
b49c¢6b1f741; by University of Leipzig, Leipzig, Germany) is an actor-oriented techno-
economical optimization program that enables the modelling of a wide variety of different
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energy systems. [28]. For this case study, the demand-side (property 1-7) is linked with a
balancing entity (WGrid) to reflect the district heating system that is fueled by the solar
thermal plant (see Figure 5). In addition, a thermal storage and a backup facility are
modelled to cope with the inter-temporal variability of the solar heat supply.

Solarthermal_|

property3

“

thermal_storage

property4

GMarket \‘\" s

GGrid WMarket

1333

Backup_NGB property5
3333

3333
property6

property7

Figure 5. Model scheme of the demo district as visualized by IRPopt.

Through demand-side management (DSM), the temporal distribution of demand of
the district heating system can be shaped at the municipal utility will to a certain degree.
DSM utilizes the thermal storage of the buildings themselves to shift or reduce the heat
demand of the customers without reducing their comfort [29]. In the demo district the
technical requirements for DSM are not met. However, prospectively technical adjustments
that enable DSM are possible. As a means of consideration of this possibility, the surplus
thermal storage present in the system can be viewed as a proxy for DSM. Through a
sensitivity analysis of the thermal storage capacity and the foresight horizon, the impact of
further flexibility through storage or DSM is considered. Accordingly, the thermal storage
varies from 10 MWh to 100 MWh whereas the optimization horizon which denotes the
accuracy of the forecast horizon for the system operator ranges between two days (48 h)
and one year (8760 h). As a reference case, this study assumes a thermal storage size of
30 MWh and an optimization horizon of 48 h.

3.3. Modelling Results and KPIs

The model output includes first and foremost the thermal energy flow between the
implemented components in an hourly resolution for the reference case and the sensitivities.
Based on the energy flow for one entire year the KPIs can be calculated and interpreted.

The Onsite Energy Ratio (OER) denotes the overall balance between renewable heat
supply and the demand as annually aggregated values in relation to one another. For
the case study the OER is 13.93, i.e., the solar thermal energy exceeds the demand almost
fourteen-fold. The Maximum Hourly Surplus (MHS) and Maximum Hourly Deficit (MHD)
measure by how much the hourly supply maximally exceeds the demand and vice versa.
For calculating these KPIs, the hourly zero carbon heat supply and demand is balanced
and normalized to the demand or supply, respectively. As a result, the MHS for the case
study is 1028.33, reflecting that the supply exceeds the demand by that factor at a certain
point in time. Conversely, the MHD is 20.89 indicating that the demand overshoots the
supply by a factor of 20.89. The RPL denotes the maximum monthly ratio of Peak hourly
demand to Lowest hourly demand. For the demo district the maximum demand ratio
arises in the month of June, it is 17.76. It should be noticed that the sensitivity analysis has
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no influence on these four KPIs, as the total sum of supply and demand do not change by
varying assumptions on the storage size or the model foresight.

The last and most elaborated KPI proposed by VIT [26] is the Annual Mismatch Ratio
(AMR). For this ratio, firstly, the Hourly Mismatch Ratio is determined considering the
state of charge of the storage and the demand and supply situation at every hour of the
year. Secondly, the AMR is derived as an arithmetic mean of all HMR values. The AMR
varies between zero—denoting a complete temporal simultaneity of energy generation and
consumption—and one which hallmarks an entire mismatch of both determinants.

Given the reference case (30 MWh, 48 h), the AMR is calculated at 0.278. In Figure 6
the impact of the sensitivity analysis on the AMR is visualized depending on thermal
storage size (10-100 MWh) and optimization horizon (48 h, 336 h, 1344 h, 8760 h). It shows
that lower levels of AMR are achieved with a larger storage in combination with enhanced
forecast accuracy (100 MWh, 1344 h). However, enlarging the storage separately does not
necessarily reduce the AMR as a shorter forecast accuracy impedes the possibility to utilize
the storage. As an example, fixing the optimization horizon at 48 h or 336 h, respectively,
a storage capacity larger than 20 MWh or 30MWh, respectively, does not yield a further
decline of the AMR.

Annual Mismatch Ratio
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Figure 6. Annual Mismatch Ratio (AMR) for the demo district depending on the thermal storage
capacity and the model foresight.

The KPIs are able to provide a first impression on the technical challenges of the
specific energy system. Based on the OER, the total solar heat supply suffices to cover
the total demand given. However, a higher temporal resolution reveals the daily or
seasonal volatility of the heating demand of the buildings in each single month (RPL).
Additionally, the MHD and MHS indicate that the solar heat overshoots the energy demand
by several magnitudes and vice versa. And finally, the AMR clearly quantifies the amount
of mismatched energy for the use case at hand. For the reference case there is an energy
mismatch of 27.8%. By expansion of the storage volume and an improvement of the
forecast horizon, this KPI can be reduced to 20%. The mismatch is triggered by the generic
properties of the solar irradiation and the heat demand profile of private households in
general. The installed thermal storage can be utilized as a short-term storage, to account
for the time-shift between supply and demand peaks.

In the future, more housing properties in the demonstration district “Leipzig West”
may be connected to the district heating system. LSW also plans to install room thermome-
ters in the district’s buildings to gain more insight into the heating behavior. The municipal
utility company also develops an application to supply tenants with further information
about the energy consumption and connected savings potential which may serve as a gate-
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M Lignite 200 MW
Gas-CHP 200 MW

way to future DSM-activities. On the other hand, more or different regenerative heating
solutions may be added to the district heating system, changing the structure of the demo
districts energy consumption and generation and thereby the KPIs. The upscaling of the
demand and supply side of the district’s heating energy is partially explored in Section 3.4.

3.4. Upscaling of the Demonstration Project in Leipzig

As of 2017, Leipzig's district heating system relies entirely on fossil energy sources
(see Figure 7). However, over the next years LSW is planning to increase the share of
the regenerative heating energy production. The solar thermal power plant covered in
this case study is a first step on the transition pathway. However, the mid-term strategy
for 2030 requires additional investments in net zero carbon technologies for the district
heating system. One option is to scale up the solution introduced in this case study’s
demonstration district.

2017* 2030**
Gas-CHP 385 MW

M Regenerative 58 MW

Waste heat 25 MW

*excl. 35 MW thermal storage and peak load boilers **excl. 185 MW thermal storage and peak load boilers

Figure 7. Projection of thermal capacity (secured power) of the district heating system in Leipzig [30]. Reproduced with

permission from Leipziger Stadtwerke.

From a theoretical standpoint, the design of a pilot project is essential for the success
of the scaling. Moreover, “pilots should be designed in such a way that they could be
scaled up, if successful, and so that key factors which will be necessary for a scaling
up decision—with what dimensions, with which approach, along which paths, etc.—are
already explored during the pilot phase.” [31]

3.4.1. Applying the Model of van Winden

The replication model of Willem van Winden (Section 2.1) can be applied to the
upscaling process in Leipzig based on the demonstration district covered in the case
study. Firstly, the upscaling Type 1—Rollout is considered. For a market rollout of solar
thermal plants, the state-of-the-art technology does not have to be challenged and no new
partnerships or organizational changes are necessary. In this context, it entails identifying
additional districts connected to the district heating system that can potentially be supplied
by the planned solar thermal power plant. The ongoing cooperation with the municipal
property owner LWB ensures a smooth expansion process through repetition.

Secondly, applying an Expansion according to Type 2 of upscaling, further partners are
added to the process. Regarding the demand-side, owners of existing buildings or property
developers of new living quarters should be convinced to be connected to the district
heating grid. Alternatively, a so-called geographical supply expansion is considered. For
this approach, new properties have to be identified that fulfil the technical and geographical
requirements for the installation of further solar thermal power plants, e.g., distance to the
district heating grid.
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The third option for upscaling the solution, a defined replication, is discussed in
Section 4 of the paper at hand.

3.4.2. Challenges, Limitations and Alternative Solutions

Solar thermal plants rely on the local irradiation mainly and require only minor
auxiliary fuels to run the pumps for heat generation. Thus, the operational cost in cent per
kWh is relatively low whereas investment cost (€ per kW installed capacity) is quite high in
comparison to natural gas boilers. A recent case study in Vienna reveals that similar large
scale solar thermal plants would not be economically viable without a subsidy [32].

To increase or enable the economic feasibility of the project, it is important to identify
viable business models from the beginning [33]. One possibility here is the introduction
of special heating tariffs to the district heating customers by LSW. The cost of a special
tariff can exceed the usual heating tariff cost while offering the customer the opportunity
to contribute to a sustainable future. Research on household preferences shows that
customers’ willingness to pay for district heating from renewable sources proves to be
larger than for other heating options [34]. The special “green” tariffs can ensure a certain
percentage of regenerative heat in the generation mix. In this case, the heat provider has
to ascertain that the sales of “green” heat do not exceed the energy produced by the solar
thermal plant in balance. (As district heating is a monopoly market for technical reasons,
the price can basically be chosen freely. However, there is a danger of customers being
dissatisfied or switching to other forms of heating, for which high market entry cost have
to be paid.). As district heating is a monopoly market for technical reasons, the price can
basically be chosen freely. However, there is a danger of customers being dissatisfied or
switching to other forms of heating, for which high market entry cost have to be paid

Other business models on the topic of solar thermal heating—like public, financial par-
ticipation or custom-made heating tariffs for commercial customers—have been developed
in recent years and can further enhance the project’s feasibility. [35]

The expansion of the district heating grid infrastructure plays a major role for the
upscaling of the heat demand, where multiple issues can arise. The district heating sys-
tem is a complex technical system, extensions have to be carefully planned both from a
technical and economical perspective. Considering a yet unconnected district for linking
to the system, the following aspects should be taken into account: The district should be
preferably in close geographical proximity to the existing system. Furthermore, the grid
operator should be aware of the city-wide distribution of heating demand [36]. Districts
identified for integration featuring a high demand potential are also financially attrac-
tive. Lastly, it is also significant to be aware of socio-economic factors in the considered
district. An evaluation on relevance of players and the willingness to switch to district
heating, including exploration of possible partnerships or conflicts of interest should be
done beforehand.

The results of the case study suggest some limitations for the heating solution. As
elaborated in Section 3.3 the energy production of the solar thermal plant does not coincide
with the energy consumption of the customers completely. This temporal mismatch cannot
be solved by scaling up the supply and demand through roll-out or expansion. If scaled-up
to the entire city of Leipzig, the AMR (Section 3.3) would still remain at values comparable
to the demonstration district. To improve the simultaneity of energy production and
consumption other technologies or larger thermal storages have to be implemented in the
district heating system. A methodology designed to find the most fitting optimization
solution is introduced in [37]. Here, an eight-step program is presented to support city
planners in finding the energy performance solution to transform the considered city
district into a PED.

Firstly, the baseline and structure of the considered district are analyzed, then possible
energy performance measures are identified and economically evaluated. Based on this, the
district’s energy demand is calculated and energy system alternatives are defined. Finally,
a cost benefit calculation is executed and an optimal combination of the district’s buildings,
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energy performance and energy system measures is determined. [37] The application of
this methodology supports the identification of additional regenerative heating energy
solutions for the demonstration district in Leipzig West, e.g., geothermal heat, biogas power
plants, heat pumps powered by green electricity or thermal power stations powered by
green hydrogen. LSW plans to incorporate some of the stated technologies into the district
heating system in the future. [38]

In the following section an insight into the upscaling on an international /inter-city
level is presented. The replication of the case study for SPARCS fellow cities will be illumi-
nated, continuing the consideration of challenges and introduction of possible solutions.

4. Replication Challenges and Solutions in Fellow Cities

As part of the project, SPARCS lighthouse cities need to prepare and test the solutions
which later can be replicated or adapted by fellow cities. Aim of this replication strategy is
to simplify the application of sustainable solutions for the follower cities.

In the previous section we demonstrated how a city district “Leipzig West” is trans-
formed into a smarter, more interactive district, and examined the challenges which may
occur during the upscaling of the district in the city of Leipzig.

In this section, we will see how the replication process in SPARCS is organized, how
the demo district fits into the SPARCS replication strategy (Section 4.1), which challenges
can occur during the adaptation of the demonstrated solution and what strategies can be
applied in order to overcome those (Sections 4.2—4.4).

4.1. Replication Process in SPARCS

The replication process in SPARCS is based on the Morgenstadt assessment framework
and divided into the following steps:

e Phase 1. Preparation: creating an individual city profile highlighting the drivers,
barriers and opportunities. This phase includes the desktop research and preliminary
analysis, as well as the selection of the experts and team members.

e  Phase 2. Understanding: detailed analysis of specific sectors relevant to SPARCS (e.g.,
energy—see below). This phase consists of the analysis of strategic documents and
plans of the city relevant to the energy sector and the data collection through online
research and desktop analysis with the following identification of the gaps.

e Phases 3 and 4. Co-creation and Design: the goal of this phase is to formulate sus-
tainability solutions for the city followed by the implementation plan. Ideally, the
solutions are already developed and tested in the Lighthouse cities.

Since the SPARCS project is focused on energy and related impacts (e.g., building), a
carefully considered selection of indicators and action fields from the original framework
related to these sectors was carried out. For the detailed assessment of the energy sector the
cities are presented with an indicator selection as seen in Table 3. These indicators assess
municipal energy generation and distribution with respect to renewables share, networks
for intersectoral resource sharing and the existence of district heating. The cities then could
choose those indicators that are most relevant for them or have a consistent history of
data collection.

By comparing a subset of the indicators from three other cities—Reykjavik, Kladno
and Maia—and evaluating them—we can make some assumptions and suggestions for
further replication (Table 4).

Reykjavik performs well in the energy sector: 100% of energy demand is covered by
renewable sources, and 100% of heating demand is served by district heating systems. How-
ever, one area for improvement is decreasing energy use per household. This can be done
by installation of smart meters, sensors, time switchers and other demand-management
technologies as well as building refurbishment.
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Table 3. Overview of indicators for data collection for SPARCS fellow cities.
Indicator Description Unit
Rate of building refurbishment Annual rate of re.fu?blshn}en.t as a percentage (%) of %
existing building stock
. Total energy use of the city (GWh/year) divided
Total energy demand per capita by inhabitants MWh/a/cap
Total electricity consumption per capita  Total energy use per capita (MWh/year) ISO 37120-7.5 kWh/a/cap
Electricity consumption per household kWh/a/cap kWh/a/cap
Share of power.producejd within the city Share of power produced within the city in the grid % of total electricity
in the grid
Share of the renewable energy in the grid Share of the renewable energy in the grid % of total electricity
Electricity price Average electricity price for private consumers € per kWh

Natural gas price

Average price for natural gas for private consumers € per kWh per square meter

Utilization of local district heating

Share of heat demand delivered by local district

[»)
heating systems &

Table 4. Sample energy indicators for SPARCS fellow cities: Reykjavik, Kladno and Maia.

Indicator Reykjavik Kladno Maia

Electricity consumption per household (kWh/household/year) 3700 1006 3400

Share of energy demand covered by RES (% of end energy demand) 100 5 26.5
Share of electricity demand generated by RES (% of electricity demand) 100 475 45

Share of heat demand generated by district heating systems (%) 100 71 N/A

Maia also demonstrates a good degree of sustainability in its energy and electricity
provision: The share of demand covered through renewable energy is 26.5%. However, to
reach the target of complete decarbonization, this share could be increased. The measures
that could be taken are, for instance, installing solar panels on the residential buildings, or
conversion of the automobile fleet to electric mobility. Additionally, the city of Maia could
concentrate on the holistic promotion of renewable energies and raising the awareness
of energy saving measures among the citizens. Investors can be motivated to install or
use renewable energies in new buildings or when refurbishing them with new strategic
pilot projects.

In contrast to this, the performance of Kladno in the energy sector has a lot of potential
for improvement. According to the energy indicators presented in Table 4, only 4.75%
of electricity demand is covered by renewable sources. The city’s main energy supplier
providing 343 MW electrical capacity and 173 MW thermal capacity is a coal-fired power
plant [39]. Even though the location of the power plant allows for disposing of most of
the generated pollutants outside the city, the global environmental effect of using coal
as the energy source cannot be ignored. Thus, the city should first and foremost focus
on expanding the share of renewable energy sources on energy consumption supported
by energy efficiency measures, e.g., building insulation, to reduce the security margin on
thermal capacity and temperature levels of the district heating grid.

If we now examine whether the solution demonstrated in our case study (Section 3)
can be adopted by the fellow cities it becomes evident that Reykjavik’s energy demand is
already completely covered by renewables and Maia does not possess a district heating
system which is a crucial element of Leipzig’s solution. The solar thermal plant, however,
suits Kladno as it gives the city an opportunity to increase the share of renewable energy
generation supplying the district heating grid.

Which possible challenges can occur during this replication?
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According to van Winden’s model (see Section 2.1) this type of replication falls into the
Type 3—the most complex type of scaling—as the solution needs to be replicated in another
context (another country and city) with possible legal-, organizational- or partnership-
related obstacles.

4.2. Legislation Barriers for Replication in Kladno

In order to combat CO, emissions, the Czech Republic/Czechia created the "National
Energy and Climate Plan’. It aims to meet EU targets and announced to reduce its total
greenhouse gas emissions by 30% by 2030 compared to 2005. This decarbonization goal
also includes the shift to renewable energy sources. In the Czech Republic’s/Czechia’s
previous “Energy Action Plan”, it set renewable energy targets for 2020. It aims to meet
14% of the heating and cooling demand by renewable energy sources by 2020 and 22% by
2030. Additionally, 14% of the electricity demand shall be produced by renewable energy
sources and 11% of the energy demand in the transport sector stem from renewable sources
by 2020 [40].

Even though the legislation package in Kladno looks particularly well in terms of
the promotion of renewable energies, the policies supporting renewables are still to be
implemented. In August 2013, the Czech Parliament amended Act No. 165/2012 (Act
No. 310/2013 Coll.), which de facto abolished the feed-in tariff scheme for all technologies
except small hydro since the end of 2013. New PV installations and biogas plants are
only being supported if put into operation before 31 December 2013 (§ 4 par. 10 Act No.
165/2012) [41].

According to the EU Smart City Information System, at present rather ordinary and
sub-optimal solutions are commonly being implemented in smart city projects only because
the initial (and better) solution was blocked off by legal bottlenecks [7]. This diminishes
the effect of the replication, affects the development of performant business models and as
a result slows down the process of driving cities towards sustainability goals.

Coming across such legislation and /or regulatory bottlenecks, policymakers need to
be aware that changes in legislation will take time and involve social, cultural, political,
institutional and behavioral changes that are very context sensitive.

4.3. Challenges Related to Stakeholder Engagement

In order to make the solution appealing to potential investors, the Connected Solutions
and Benefits Model (see Section 2.3) should be applied, relating the economic impact to the
projected social benefits and making the solution more attractive to a variety of beneficiaries.
Mutual understanding is a key factor to exploit potential cooperation with investors and
relevant stakeholders (e.g., developers, distributors, engineers, spatial planners). Even
though Positive Energy District might seem like a logical and understandable concept, for
citizens or potential partners who are not very much familiar with modern approaches in
the energy sector it is necessary to explain the concept in a short and structured way.

Demonstrating the purpose and potential social benefits of the PED (a comfortable
living space, a well-organized recreational area, modern urban services for citizens, oppor-
tunities for entrepreneurship, etc.) is crucial for negotiations with the relevant stakeholders
and establishing a profitable business-model. Even district heating systems themselves
are still only emerging in some cities and countries. People are skeptical about trying
something “new” and “different” to what they are used to. If for example, the heat market
is unregulated and has historically gained a bad reputation as inefficient, expensive and
unreliable, it can be extra difficult to shift people’s perceptions [38]. It is therefore impor-
tant to engage (potential) customers as well as other key stakeholders at an early stage to
facilitate the expansion of district heating and cooling systems.

4.4. Urban Planning Challenges

For PED replication, the urban area plays an important role. New development areas
where no buildings exist yet are good prerequisites for spatial planning to steer PED repli-
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cation, as the PED can be planned to integrate into other development interests of the area,
prior to the implementation of the buildings and infrastructure. [39] When a PED project
takes place in existing urban environments, there is often a vast number of stakeholders
such as citizens and building-owners. In this case, the replication process strongly depends
on cooperation with stakeholders. Once the implementation area is determined, financial
schemes or innovative business models for the deployment take place.

5. Conclusions

This paper contributes to the existing research on replication of smart city projects
by investigating the common replication models and strategies. The paper also addresses
several challenges that prevent positive energy districts from replicating effectively and
proposes solutions to resolve them, using a specific decarbonization measure from the city
of Leipzig as an example.

One of the key premises of the paper, as explicated in Section 2, is the necessity of a
profound replication planning and modelling to deepen the understanding of upscaling
processes for smart city solutions, complemented by having a shared context for city-to-city
collaboration. The three replication models analyzed in this article are able to provide a
multidimensional representation of a potential solution for reaching PED status. Nonethe-
less, depending on the ambition of decision makers and the environmental conditions
different types of replication are applicable.

Before implementing and commissioning the solution in the real-world, energy system
modeling provides first insights into the technical potential of integrating renewable energy
sources in combination with storage options. As minimum prerequisites of the analysis,
we determined the hourly demand of thermal energy services of the demonstration district,
as well as the heat supply pattern of the solar thermal plant. As a basis for discussing
results with respect to replication compatibility we provide a set of KPIs to capture the
demonstration district’s provision with renewable thermal energy. It becomes evident that
even though the annual total generation exceeds the consumption and supports a weak
definition of PED, the temporal mismatch between supply and demand, depicted by an
Annual Mismatch Ratio of 27.8%, remains despite thermal storage use. Prospectively, the
utilization of actual data from metering services in the district and the solar thermal plant
will enable a retrospective reality check of the model-based KPlIs.

Additional findings derived by an application of van Winden’s upscaling model to
Leipzig based on the demo district leads to various challenges including the identification
of viable business models for project feasibility (for Type 1: Roll-out) and the expansion of
the district heating system in a beneficial way (for Type 2: Expansion). The introduction of
a special heating tariff for providing regenerative heat supports the integration of districts
on the demand side and different regenerative heating technologies on the supply side.
Concluding from the KPIs of the demo district a more versatile heat generation mix is
indispensable for a full transition to an environmentally sustainable heat provision and
COs-neutral districts (PED).

In Section 4, data from the in-depth Morgenstadt assessment of the SPARCS fellow
cities is used to apply van Winden’s model for the replication of the solution demonstrated
in the case study. However, the solution only proves possible for the city of Kladno,
which utilizes a district heating system and has improvement potential in regenerative
energy provision.

In addition to the challenges that occur during scaling up in Leipzig, several further
potential challenges (e.g., challenges related to the stakeholder engagement, legislation bar-
riers) were identified for Kladno as well as ways to address them in the replication process.

Concluding the article, it is important to once again to highlight the fact that replication
is a very complex and context-sensitive topic. There is no one-size-fits-all solution as every
single city has its own specific requirements. However, certain ways to speed up the process
of repeating and scaling up successful projects, to accelerate the market for low-carbon
smart city solutions, as well as certain mechanisms to allow and simplify the replication
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of those solutions do exist and should be more widely known/spread/used within smart
city projects across the EU. Having said that, the authors would recommend planning and
modelling the replication of a smart city project at the very early stage as it is important to
find tailor-made solutions that fit the spatial, legislative, socio-economic conditions and
historical growth of the cities.
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Abbreviations

AMR Annual Mismatch Ratio

DSM Demand-Side Management

EU European Union

EPBD Energy Performance of Buildings directive

EPN Energy Positive Neighborhood

ICT Information and Communication Technology

IAO (German: Institut fiir Arbeitswirtschaft und Organization) Institute for
Industrial Engineering

KPI Key Performance Indicators

LED Light-Emitting Diode

LSW (German: Leipziger Stadtwerke) Leipzig Municipal Utilities

MHS Maximum Hourly Surplus
MHD Maximum Hourly Deficit

RPL Monthly Ratio of Peak hourly demand to Lowest hourly demand
OER Onsite Energy Ratio

PED Positive Energy District

R&D Research and Development

ROI Return of Investments

SCIS Smart City Information System

SET Strategic Energy Technology

SPARCS  Sustainable energy Positive & zero cARbon CommunitieS

VIT Technical Research Centre of Finland Ltd.

Appendix A. List of urban indicators for Leipzig within the City-Index
(Morgenstadt Framework)

Appendix A.1. Livable City

Poverty rate (social assistance according to SGB II, 111, XII), %—1.10%
Unemployment rate, %—9.30%

Rental and service charges, % of household income—34.79%

Doctors per 100,000 inhabitants—219.11

Life expectancy of newborns—80.3

Burglary rate per 100,000 inhabitants p.a.—266

Private car per capita—0.38



Buildings 2021, 11, 78 22 of 24

Use of public transport per capita p.a.—250.24

Situation for cyclists ADFC wheel index—3.61

Air quality (according to LBI) Air pollution index—4.6

Green and water areas, hectares per 100,000 inhabitants—3063.55

Appendix A.2. Resilient City

Debt service ratio, %—1.88

Independent income (as a percentage of total income), %—58.00%

Share of the three largest employers in total employment, %—1.81%
Emergency plans for various natural disasters, green/yellow /red—yellow
Provisions in the budget for catastrophes, green/yellow /red—green
Climate adaptation strategy, green/yellow /red—yellow

Appendix A.3. Environmentally Conscious City

Greenhouse gas emissions, tons per capita—6.61

Share of renewable energies in own energy production, %—30.00%
Waste volume, kilo per capita p.a.—291,02

Water consumption, daily consumption per capita—121.8
Recycling rate for solid waste, %—38%

Appendix A.4. Innovative City

Difference between new and abandoned businesses, three-year average per 1000
inhabitants—132.42

Share of highly qualified jobs in total labor market, %—33.70%

Number of new patents per 100,000 inhabitants p.a.—15.61

Proportion of students in the total population, in % of total population—6.59%

Smart City or innovation strategy, Yes/No—yes

Research institutions for experimental and innovative technologies and applications,

Yes/No—yes
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