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ABSTRACT
Despite the growing interest in the field of urban—industrial symbiosis as well as in sustainable energy
solutions at the city level, a research gap is recognized in terms of analyzing the advantages of energy
symbiosis networks between industrial and urban areas integrating renewable energy systems.

The urban—industrial symbiosis can support both urban transition toward sustainability and indus-
trial green innovation through creating advantageous relationships in the framework of a common
low-carbon strategy between industrial districts and neighboring urban areas. Urban—industrial symbio-
sis extends the concept of industrial symbiosis, a part of the industrial ecology field, to urban—industrial
synergies. Taking advantage of the geographic proximity, it promotes the exchanges of waste, resources,
and energy between urban and industrial areas, as well as the sharing of infrastructure.

Thus, the paper aims at presenting an in-depth analysis of the main urban—industrial symbiosis
schemes based on low-carbon energy flows between industries and cities, investigating the energy syn-
ergies potential. It introduces the concept and outline of sustainability-driven framework with the aim
of modeling urban—industrial energy symbiosis networks integrating renewable energy sources from a
multi-stakeholder point of view and supporting decision-making on the economic, environmental, and
social sustainability of the energy synergies.

Keywords: low-carbon transition, renewable energy sources, sustainable energy, urban—industrial sym-
biosis.

1 INTRODUCTION
Urban areas play an important role in energy consumption and carbon emissions. Cities sus-
tainability strongly depend on their interconnections with the surrounding ecosystem [1].
Moreover, an integrated approach to urban sustainable development should involve the
neighboring territory and business areas to guarantee optimized planning strategy and long-
term perspective [2]. This integrated approach can be realized through the urban—industrial
symbiosis (UIS).

The UIS can be considered as an extension of the industrial symbiosis (IS) that aims at
creating advantageous synergies between firms. According to the United Nations Industrial
Development Organization, clustering of industries and the creation of eco-industrial parks
(EIP) promote the development of urban—industrial synergies and allow to reduce the cost of
joint infrastructure [3].

As the IS can bring benefits to the local communities, allowing to save local resources and
reducing waste to be managed by the local infrastructure [4, 5], the UIS builds up relationships
between cities and local industrial sites that can harmonize the coexistence of living and pro-
duction areas [6], improving the environmental, social, and economic sustainability of the
whole system [2]. The basic concept underpinning the UIS approach is that urban waste can be
delivered to nearby industrial clusters for incineration or recycling, while industries can provide
back available extra electrical or thermal energy [7].

The contribution of UIS to the circular economy promotion as well as to the reduction
of urban and industry environmental impact is widely recognized [6, 8, 9] and the envi-
ronmental benefits quantified [10, 11]. On the other hand, energy solutions integrating
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renewable energy sources (RES) at buildings, at a district or urban level, are considered
as an effective way to support the urban transition toward energy sustainability [12, 13].
Nevertheless, the advantages of energy symbiosis networks between industrial and
nearby urban areas that also integrate renewable energy systems are still underinvesti-
gated [14].

Based on this background, this paper focuses on the main UIS approaches involving
low-carbon energy links between industries and cities, aiming at investigating the potential of
creating RES synergies at urban—industrial level. Starting from the available literature (sec-
tion 2), the RES potential at an urban level and within UIS projects is discussed (section 3)
and a framework for supporting decision-making in UIS projects integrating RES is devel-
oped (section 4), driven by the sustainability goals and considering the complexity of the
multi-stakeholder involvement.

2 ENERGY-BASED UIS — AN OVERVIEW
2.1 The UIS approach

The UIS concept arose from existing IS projects to fully exploit the advantages of a collabo-
rative approach in reducing the environmental impact at a local level. Due to fast urban
development, urban areas generate an increasing amount of waste and they play an important
role in water and energy consumption [15]. Thus, at the basic level, urban waste can be used
as a secondary raw material in industrial processes [16] or as an energy source in industrial
waste treatment facilities, avoiding the building of new plants, improving existing plants
saturation, and reducing waste landfill [9].
Waste flows from cities to industrial sites can be manifold:

e Municipal solid waste can be incinerated for heat recovering and power generation [8, 17]
or production of intermediate fuel [16]. It can be delivered for fueling industrial furnaces,
mainly in energy-intensive industries such as iron/steel, cement [8], and paper industry
[18]. Mixed plastics are used for ammonia production [19] and as a reductant in iron in-
dustry, while fly ash can be used in cement industry [20].

e Separately collected materials can be recycled if recycling companies are established
within the industrial district (plastics [19], steel [20], glass and electronic waste [19]) or
reused as alternative raw materials like plastics in cement or scrap tyres [18, 21].

e Organic waste can be used for energy production (e.g. by anaerobic digestion, pyrolysis,
or gasification) [22], sometimes managed by a public multi-utility [17].

e Urban waste water can be collected and treated to be reused in industrial processes (i.e. in
iron/steel industry [20]).

e Sewage sludge can be used for energy production [23].

On the other hand, the waste heat resulting from industrial processes can be supplied
to urban areas through a district heating model: high- and low-grade heat can serve both
residential and commercial buildings (department stores, office buildings, hospitals).
This solution is considered an effective way to reduce the environmental impact at local
urban level and, considering the need for heat pipelines, the geographic proximity
between energy consumers and industrial suppliers is a key factor [24, 25]. Since the
infrastructure investment cost can have a long payback time, the implementation
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Figure 1: Potential and existing resource exchanges within UIS framework.

strategy should be based on a public—private business model and take into account stake-
holders’ participation [26]. Since the installation and operation phases of heat
management plants are not the main businesses of manufacturing firms, a service com-
pany should at least partially finance the project and handle the operation of the district
heating grid [27].

Low-grade industrial heat as well as industrial wastewater, mainly produced by pulp and
paper and food industry at a temperature range of 35°C-90°C, can be used for heating/cool-
ing through heat pumps [28].

Figure 1 presents a graphical representation of the overview of urban—industrial
synergies.

From the previous literature overview, some materials flowing from the city to the indus-
trial district can be categorized as energy based, since the exchanged materials are converted
into energy (orange arrows in the picture). Similarly, heat or electricity surplus can flow form
the industrial district to the urban area (yellow arrow in the picture).

2.2 Energy-based UIS

The energy-based IS projects involving urban areas available in the literature mainly
concern the energy production from urban wastes and the heat recovering from industrial
processes or co-generation plants for district heating [29]. Electricity recovery or
exchanges are the less-common practices, probably due to the high cost or low maturity
level of the storage technologies and the still little diffusion of tools for the demand
response management [30]. Storage facilities should also take into account the time
shifts between the energy demand in cities and the energy supplying by industry [28]. In
Table 1, some common energy-based synergies selected from the literature are pre-
sented.
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Table 1: Energy-based synergies at an urban—industrial level.

Energy to  Energy to

UIS involving energy exchanges city EIP Source

Coal plant/CHP plant X [11]
Incineration plant fueled by MSW X [11, 17,21, 26]
Biomass plant fueled by urban X [11,17,26]
organic waste

Co-generation plant and power X [31]

generation

Industrial waste heat from indus- X [21, 24-26, 28, 32]
trial processes (DH model)

On-roof photovoltaic and solar X X [28]

thermal plants

Wind turbine installation in EIPs X X [33]
Low-grade industrial waste heat X [28]

(heat pump—Rankine cycle)

Wastewater (heat pump) X [28]

CHP, combined heat and power; EIP, eco-industrial parks; MSW, municipal solid waste.

3 RENEWABLE ENERGY POTENTIAL IN UIS
3.1 RES in urban—industrial context

The reduction of industrial carbon emissions is an urgent issue, especially in densely popu-
lated areas, and the decarbonization pathways should involve both more sustainable processes
as well as the replacement of fossil fuels with RES [34]. Since cities play an important role
in energy consumption and carbon emissions, the neighbor EIP can provide clean energy to
local communities, thus improving the social role of industry. When renewable energy plants,
such as for wind turbines, raise issues concerning spatial impact, the industrial parks can be
the most acceptable places to install them [33]. Moreover, often companies have large empty
roof space where photovoltaics (PV) or solar thermal collectors could be installed to provide
renewable energy to residential and commercial areas; different business models should be
considered involving the company itself (that can both finance and operate the project or rent
the roof), an external service company for financing and operating the project, and the citi-
zens that could participate in the project financing [27].

Residential, commercial, and industrial sectors have specific energy consumption patterns,
sometimes complementary: as an example, with respect to solar power production peaks, com-
mercial and residential electricity demand is complementary. Urban and industrial energy
demand can be satisfied by combining various sources of energy: in analogy with the smart grid
concept, a smart energy system approach is suggested by Lund et al. [35] to combine electricity,
heat, and gas grids with storage technologies to allow sustainability-oriented synergies among
industrial, commercial, and residential sectors. A regional multi-energy scheme, based on
energy hubs combining distributed energy supply, RES, and combined heat and power (CHP),
is modeled to serve residential, commercial, and industrial districts in [36]. The smart
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technologies allow the creation of smart infrastructures and energy management platforms
between smart cities and industrial parks, promoting UIS integrating RES [37]. Thus, the sym-
biosis strategy acts as a systemic innovation approach, allowing the realization of multi-energy
systems with a high renewable energy share and the use of innovative technologies [9]. Within
the UIS context, eco-efficiency and eco-innovation are two main advantages of industrial part-
ners, while local communities benefit from environmental restoration and improved well-
being [16].

Local authorities play a key role in the realization of UIS projects integrating RES. This is
strongly pursued by the local authorities through policy actions and subsidies, supporting
directly the UIS project, RES installation, or innovation measures and infrastructure [38, 39].
Moreover, they can facilitate other stakeholders” awareness on symbiosis and clean energy
advantages and their engagement in the project [40].

3.2 RES in urban context

The concept of nearly zero-energy building, introduced by the European Energy Performance
of Buildings Directive [41] with the aim of pushing for maximizing energy efficiency and
increasing the share of renewable energy at building level, brought along the concepts of
nearly zero-energy district (NZED) and residential net zero energy system that apply to inter-
mediate or urban scale [42, 43]. They consider multi-energy systems to satisfy residential/
commercial and public infrastructure electricity demand, as well as mobility and heating/
cooling energy demand. These energetic systems include renewable energy technologies and
storage systems such as electric vehicles to manage the volatility of some RES.

Cities have a great potential for the adoption of RES since they can be integrated in build-
ings avoiding land use; moreover, thanks to the local power production via distributed
generation and energy hubs, the grid transmission losses can be reduced [44]. The renewable
technologies that can be considered for their adaptability to urban context are solar (for the
availability of surfaces on buildings), bioenergy to produce heat and power, and wind
(micro-turbine for micro-generation applications). These technologies should be associated
with seasonal storage (e.g. ground- or water-based thermal storage).

Rotterdam local authorities included the adoption of the UIS approach within the energy
plan supporting city’s climate strategy, recognizing three main steps to be fulfilled: to reduce
energy consumption via architecture, to reuse waste energy flows, and to use renewable
energy [45]. The integration of RES is planned at the building, neighborhood, district, and
central (city) scale, within an integrated framework. A micro-grid model, including solar
energy, tri-generation, and storage systems, applied to the city of New York showed that, in
order to achieve the set target of 26% carbon reduction, industrial waste heat and substantial
PV electricity should be employed [46].

4 UIS INTEGRATING RES - A FRAMEWORK
4.1 UIS integrating RES architecture

From the schemes discussed in the previous literature review, renewable energy technologies
can be locally adopted at buildings level (residential, industrial — warehouse or office — and
commercial), district level, or central level (joint projects between the industrial district and
the city). Collective power production and distributed generation resources can allow the
integration of a high share of RES. A smart multi-energy grid configuration, controlled
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Figure 2: The smart multi-energy grid configuration, supported by information exchange
platforms, manages the energy hubs serving the UIS.

according to the energy hub model, can manage the energy exchanges between the city and
the industrial park (Fig. 2). The energy hub works essentially as an interface between primary
energy sources and end-users, while communication platforms allow an effective exchange
of information among actors.

The main renewable energy conversion technologies fitting the UIS projects combine the
RES suitable for industrial and residential applications: waste/biomass treatment plants, wind
turbines, solar panels (thermal collectors and PV units), ground-source heat pumps. Also, the
carbon capture and storage technology, that transforms carbon dioxide emitted in the atmos-
phere into fuel and other products, is suggested for application in the UIS [47].

4.2 Critical issues

Some critical issues must be taken into account when modeling UIS integrating RES. They
can be technical, economic, regulatory, or organizational [29, 48].

e Multiple stakeholders’ involvement: The strong cooperation and knowledge sharing among
the involved stakeholders, who must share a strong commitment to the sustainability de-
velopment goals, is the prerequisite for a UIS project.

e Resource availability: The resource (biomass, solar radiation, or wind) must be locally
available to guarantee the economic feasibility.

e Flexibility: A number of flexibility options, such as energy storage systems or the inclu-
sion of electric vehicles, must be considered to increase the whole system reliability by
decoupling temporally demand and supply [49].

e Space: The land or building’s space availability must be investigated and the general
agreement for the installation sites reached; the geographic proximity must be defined.

4.3 Sustainability aspects

Sustainability is a key issue of energy projects. The most investigated sustainability aspects
of energy-based UIS projects are related to techno-economic feasibility and to the environ-
mental impact [50]. Few authors also consider social benefits [51].

The economic sustainability must allow the energy stakeholders, industries, and local
communities to achieve economic growth. The economic feasibility is influenced by the fos-
sil fuel prices and the conventional fuel saving, the cost-effectiveness of installing renewable
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technologies, namely by the renewable technology cost (considering also the operating
phase), and the renewable source availability. The intermittence of some RES has also to be
taken into account, since it may require additional investments [52]. The cost of network
connections must also be considered.

From the environmental point of view, the reduction of carbon emissions is the main crite-
rion considered, as it is the project trigger. The emission of renewable technologies in the
operating phase is generally considered null; however, even if RES are conventionally
claimed as clean energy, a life cycle—based evaluation can provide a clearer understanding of
the environmental impact reduction [52].

The social sustainability pertains to social well-being and progress of the involved commu-
nity. The social expected benefits of the energy-based UIS projects are jobs creation, energy
bills reduction, and improved health due to the reduction of carbon dioxide emissions [53,
54]. Afshari et al. [51] introduce in their multi-objective optimization model a ‘social value
preference’, considering a qualitative parameter representing the values of suppliers per-
ceived by customers according to a set of environmental and social criteria.

4.4 The multi-stakeholders view

As previously observed, a main characteristic of the UIS projects is the high complexity due
to the involvement of multiple stakeholders. Industrial partners, energy service providers,
citizens, and local authorities are the main actors involved in the project, also including aca-
demia with the role of enhancing innovation, promoting knowledge sharing, and providing
information about the project potential results, supporting the alignment of goals [48].

Stakeholders with different objectives must be kept together by the common low-carbon
strategy. The main goal of the industrial partners is profit, and energy-related innovation may
not represent a primary concern [55]. On the other hand, communities ask for reducing the
industrial environmental impact and, at the same time, creating jobs and reducing the energy
bill [55]. Local authorities, starting from the low-carbon strategy, aim at maximizing the
economic, environmental, and social advantages of the UIS project.

A collective point of view must be formed (Fig. 3) and analyzed.

On these bases, a multi-objective approach can allow to facilitate the trade-off between
conflicting objectives, such as minimization of both costs and carbon emissions [47].

__LOCAL AUTHORITIES GOALS
,// 1. To minimise the whole \
carbon emissions ‘

2. To improve local well-

// INDUSTRY GOALS \ being and community ~ COMMUNITY GOALS
' 1.Tominimisethe |~ health / 1. To reduce energy bill
total costs of energy | - o : 2. To reduce carbon
\_  2.To reduce carbon 4 emissions /
\\ emissions / \ ~ 3.Social benefits /,/
- COLLECTIVE VIEWPOINT .

To optimize the costs, the environmental
impact and the social impact, analysing
at the same time the benefits for all the

stakeholders. )

Figure 3: The multi-stakeholder views.
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Figure 4: Schematic diagram for the sustainability-driven framework implementation.

4.5 Framework implementation: a pattern example

Based on the outlined framework, an implementation pattern is suggested to designing an
UIS project integrating RES (Fig. 4). Some of the main sustainability criteria that should
drive an UIS project are shown in the figure.

The implementation pattern is built up considering a historical town located in the North
of Italy, surrounded by a territory where modern farms coexist with industrial districts made
up of small and medium-sized enterprises. Here, the local authorities are going to introduce
an urban regeneration strategy, including the requalification of an industrial district consider-
ing urban—industrial potential synergies. The close relationship between the urban community
and the productive district facilitates the emergence of a shared commitment to improve the
socio-economic urban quality, while reducing the environmental impacts.

A stakeholders’ engagement and knowledge sharing phase will promote a strong coopera-
tion among businesses and with the urban community. According to the analysis of
stakeholders’ needs, the techno-economic, environmental, and social key objectives will con-
stitute the basis for the formulation of a mathematical decision support model.

5 CONCLUSION
The UIS integrating renewable energy solutions is a promising approach to pursue a low-car-
bon strategy. However, this approach is still scarcely investigated and applied.

Starting from the scientific literature available on the topic, this study analyzes the key
aspects of developing an UIS project integrating RES. Moreover, it presents a general frame-
work that includes a description of generic technologies and architecture, the main critical
factors to consider, the sustainability issues, and the multiple stakeholder views. Lastly, a
possible pattern for the framework implementation is suggested, as the developed framework
will represent the foundation for the development of a decision support model to be applied
to support a local administration which is going to requalify an industrial district close to the
urban area. The aim of the model will be to actively involve both companies and urban
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communities in the project, hopefully showing the potential collective advantages of the UIS
integrating RES.
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