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A B S T R A C T

Starting from the literature regarding the thermodynamics of open systems, the circular economy of Nature and
complex socio-ecological systems, we propose a new boundary concept of a low-entropy city as the grounds on
which to build actions and political strategies aimed at increasing urban sustainability.

A low-entropy city is defined as a responsive and conscious autopoietic human sociocultural niche that
evolves and grows, enhancing its socio-ecological and structural complexity (reducing internal entropy) by
adding and optimizing functional elements and synapses among those elements, while wastes (exported entropy
to the biosphere) are minimized.

In particular, the low-entropy city concept is explored considering the role of Urban Green Infrastructure
(UGI) in reducing city entropy. Following an analysis of the literature and applied research on UGI, the second
law of thermodynamics and urban planning, a seminal nature-based planning strategy for low-entropy cities is
presented. With appropriate adaptations, the strategy is applicable to all cities, despite the fact that urban
systems can have different levels of UGI efficiency, different approaches to sustainability, and different demands
for services as well as pressing environmental, social and economic issues. Some new entropy indicators are then
presented, based on low-entropy city principles and two exemplificative urban evaluations based on these in-
dicators are examined: urban storm water management and social degradation.

Finally, the low-entropy city concept and its implications in the urban sustainability debate are discussed,
considering the possible difficulties that might be encountered when translating it into practice.

1. Introduction

Almost all known physical processes in the universe can be ex-
plained by thermodynamics (Ying, 2015), which is probably the most

structured discipline for the study of complex systems (Bejan & Errera,
2016). Since the initial works on heat engines within closed and iso-
lated systems, thermodynamic studies have evolved to investigate open
systems which are far from equilibrium, such as ecosystems
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(Kondepudi & Prigogine, 2015). Many concepts developed in thermo-
dynamics find applications in other fields, such as ecology and land-
scape ecology (Cushman, 2015; Gobattoni, Pelorosso, Lauro,
Leone, &Monaco, 2011; Ho, 2013; Naveh, 1987), sociology (Mckinney,
2012), economy (Annila & Salthe, 2009; Georgescu-Roegen, 1971; Von
Schilling & Straussfogel, 2008), circular economy (Ghisellini,
Cialani, & Ulgiati, 2015), industrial ecology (Liao, Heijungs, & Huppes,
2012), organisational systems (Coldwell, 2016) and urban and land-
scape planning (Fistola & La Rocca, 2014; Leone,
Gobattoni, & Pelorosso, 2016; Vandevyvere & Stremke, 2012). The Laws
of Thermodynamics have also found applications in architecture and
urban design (Braham, 2016; Vallero & Braiser, 2008): see for example
the works of Philippe Rahm dealing with air flux dispersal and the
consequent climatic and health conditions of buildings and urban parks
(Scuderi & Rahm, 2014).

The First Law of Thermodynamics (FLT), also known as the con-
servation law, states that energy is always conserved across different
states. The Second Law of Thermodynamics (SLT), or entropy law,
states that during any process, useful energy, also defined as exergy or
work capacity, is destroyed and entropy (disorder or waste) is pro-
duced. While the FLT focusses on the efficiency of energy transforma-
tions, the SLT looks at the direction in which processes are likely to
proceed. Indeed, SLT quantifies the irreversibility of processes, pro-
viding us with an “arrow of time” of energy conversion and entropy
production (Kleidon, 2009; Kondepudi & Prigogine, 2015). In parti-
cular, the SLT and the entropy principle provide a theoretical context
which could help to a) clarify and unify a wide range of theories and
studies, connecting them to fundamental principles of the evolution and
functioning of Nature and b) define changes in human-provoked land
use and their consequent biosphere alterations to reach the goal of long-
term and solid sustainability (Leone et al., 2016).

Several urban planning and governance strategies have been de-
veloped to reach sustainability objectives giving social, economic and
environmental aspects different weight. Moreover, several epistemolo-
gies and approaches have appeared in political and academic discourses
with debates among different schools of thought, including, for ex-
ample, critiques on urban metabolism and urban ecological studies
(Bai, 2016; Golubiewski, 2012), and studies on the actual efficacy of
proposed actions for the increase in urban sustainability (Premalatha,
Tauseef, Abbasi, & Abbasi, 2014; Swyngedouw &Kaika, 2014). Another
key point of the urban sustainability debate is the distinction between
city and Nature. Following a widely accepted notion, a city is a complex
ecosystem with strong human-dominated regulating and governing
mechanisms that shape social and ecological processes (Bai, 2016).
These mechanisms are partially explained by existing concepts, theories
and approaches developed by ecological disciplines. On the other hand,
several analogies between human-dominated and natural systems exist
and indicators of natural ecosystems can help understand several pro-
cesses within socio-economic systems such as cities (Bettencourt, 2013;
Nielsen &Müller, 2009). Indeed, recognizing cities as part of Nature,
i.e., as modified ecosystems, instead of mere human products, may
impact the study of ecology in and of cities, and account for the me-
tabolic footprint of urban areas on the whole biosphere (Pincetl, 2012).
Finding a key to understanding both Nature and the nature of cities and
linking them to global sustainability is therefore a challenge which will
require the development of transdisciplinary integrative frameworks
between different approaches (e.g. urban ecology and urban metabo-
lism studies) and criteria (e.g. ecological, socio-economic and also ar-
chitectural). At the same time, Nature in cities, also represented by so-
called Urban Green Infrastructure (UGI), plays an important role in
delivering a wide range of ecosystem services allowing improvements
to quality of life and urban resilience (European Commission, 2013).

Despite numerous studies on thermodynamics, few papers present
explicit spatial methods based on urban entropy aimed at supporting
practical urban planning (Balocco & Grazzini, 2000; Filchakova,
Robinson, & Scartezzini, 2007; Fistola & La Rocca, 2014). To our

knowledge, only one work presents a spatial UGI planning based on
thermodynamics, though it does not explicitly consider SLT (He, Shen,
Miao, Dou, & Zhang, 2015).

In this essay, starting from the literature on the thermodynamics of
open systems, we propose a new boundary concept of city (the low-
entropy city) as the grounds on which to build actions and political
strategies to increase urban sustainability. In particular, the role of UGI
in reducing city entropy is explored and a new nature-based planning
paradigm for low-entropy cities is presented. The paper is structured in
sections: Section 2 illustrates the proposed concept of low-entropy city,
while Section 3 describes UGI’s potential role within SLT. Section 4 then
reports a first low-entropy strategy and new entropy indicators with the
aim of operatively supporting UGI planning. Finally, we discuss the
low-entropy city concept and its implications in the urban sustainability
debate, considering possible difficulties which might be encountered
when translating it into practice.

2. The low-entropy city concept

The Laws of Thermodynamics have been identified as the driving
force of urban systems’ growth by several scholars with increasing
consensus from the scientific world (Bristow & Kennedy, 2015;
Gobattoni et al., 2011; Marull, Pino, Tello, & Cordobilla, 2010;
Prigogine, 1997; Rees, 2012; Rees &Wackernagel, 1996). Furthermore,
while economic growth has been correlated with urban development
(Glaser, 2011), thermodynamics has been recognized as an essential
driving force of economic growth theories (see Herrmann-Pillath,
2015). Indeed, every organism, population and ecosystem, cities in-
cluded, can be seen as a thermodynamically open system, which grows
and evolves, depending on its metabolism. Each system attempts to
reduce the energy gradient applied to it, using all the available physical
and chemical processes to consume free energy and the available
physical and biological resources generated by the sun and photo-
synthetic activity (Isalgue, Coch, & Serra, 2007; Kleidon, 2010; Lin,
2015; Rees, 2012). Moreover, social cohesion has always been used to
solve problems related to uncertainty and resource scarcity (Tanner
et al., 2014). Social systems lead to higher complexity and quality levels
by contributing to the overall level of system complexity, further
channelling and managing energy fluxes (Fath, 2017). Thus, a city is
characterised by a social complexity based on (real and digital) net-
works of people working for innovation and wealth creation, keeping
the city from collapse and thermodynamic equilibrium. Urban growth
appears therefore as an inevitable process, subjected to periods of crisis
(e.g. shrinking phenomenon, see Haase, Haase, & Rink, 2014) and de-
velopment, but a necessary and spontaneous evolutionary strategy of a
technological society that builds its sociocultural niches and wants to
satisfy its needs and optimize its energy consumption (Ellis, 2015).

Cities, like natural ecosystems, are self-organizing far-from-equili-
brium dissipative structures because they grow and survive by con-
tinuously degrading and dissipating available energy and matter from
the biosphere and sun (Prigogine, 1997; Rees, 2012). A City, like any
other ecosystem, cannot be a self-sufficient system: it always requires
matter and energy from outside the fuzzy urban limits while expelling
products and waste to maintain levels of complexity, organization, and
functionality (Fath, 2017). In order to persist over time and to evolve, a
city should therefore be an autopoietic system, i.e. a system that
maintains its identity and autonomy while remaining interactionally
open to compensate for the inevitable losses due to the SLT with the
help of external energy and material input (Pauliuk &Hertwich, 2015).
However, while the ecosphere evolves and maintains itself by only
feeding on an extra-terrestrial source of energy, and by continuously
recycling matter, cities evolve by feeding on the limited natural re-
sources in the rest of the biosphere and ejecting their wastes (e.g.
pollution, heat, CO2) back into it, often without reuse. Actual cities
commonly require and employ high value energy (with a high exergy
component, e.g. oil, gas) and release unsustainable, scarcely reusable,
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low value energy (entropy), which often constitutes an environmental
problem and a cause of ecosystem alteration (Rockstrom et al., 2009).

There is therefore a need to build and transform today’s cities into
more sustainable urban systems with lower entropy release. Nature
furnishes many examples of low-entropy systems where the use of re-
sources is circular: nutrient, gas, water and energy cycles are closed
whenever possible. Circular economy principles (i.e. recycling, reuse
and recovery) are also derived from Nature and thermodynamics
(Ghisellini et al., 2015). Recently, Ho (2013) has presented a theory of
sustainable systems based on the circular thermodynamics of organ-
isms. This theory suggests mimicking the processes and structures of
natural systems in human activities to increase their resilience and to
realize effective sustainable development. In general, these objectives
can be reached by the following actions: a) the reduction of dissipative
systems; b) the closure of cycles; c) the maximization of reciprocity,
symbiosis, cooperative relationships, d) an increase in landscape di-
versity and complexity; e) the enhancement of energy and matter ex-
change.

Moreover, given the dependence of cities on the biosphere and ex-
ternal socio-ecological systems, the autopoietic capacity of low-entropy
cities should also be based on a responsive and flexible interactive
network of agents working to regain sovereignty over production, dis-
tribution and consumption patterns enabled through cooperative re-
gional relationships which recognise overlapping and critical condi-
tions (Lorrimar-Shanks & Owen, 2015). Indeed, direct relationships
between producers and consumers of goods and services (e.g., energy,
water and food) may reduce unsustainable exploitation and environ-
mental concerns in source countries because consumers (cities) would
be exposed to the impacts of production and transformation activities.
At the same time, a conscious use of the resources and direct re-
lationships between city and extra-urban territories could enhance the
recognition of socio-economic and health consequences of city wastes
even in remote regions and ecosystems. Such an autopoietic structure of
responsive and conscious people networks, coupled with the functional
internal socio-ecological and structural complexity suggested by Ho
(2013), could then generate more adaptive and resilient complex social-
ecological systems, i.e. cities able to face disturbances while retaining
or rapidly returning to desired functions, structures, identities, and
feedbacks, able to adapt to change, and to transform quickly systems
that limit current or future adaptive capacity (Meerow, Newell, & Stults,
2016).

Thus, following the principles of the SLT togheter with those of the
circular economy of Nature and complex socio-ecological systems, a
low-entropy city is here defined as a responsive and conscious autop-
oietic human sociocultural niche that evolves and grows, enhancing its
socio-ecological and structural complexity (reducing internal entropy)
by adding and optimizing functional elements and synapses among
those elements, while wastes (exported entropy to the biosphere) are
minimized. Entropy exported to the biosphere is due to direct and in-
direct city wastes; the former deriving from urban metabolic cycles of
socio-ecological and technical systems, the latter produced by un-
sustainable extraction of resources in source countries and ecosystems
to uphold urban systems.

Several strategies can be employed to reduce urban entropy: the use
of renewable and local energies, local food chains, investment in public
transport and smart mobility, intelligent management systems for
blocks of buildings, heat-cascades (i.e. the multi-stage reuse of residual
thermal energy by temperature level), water reuse and so on. Many of
these strategies have been proposed within the fields of industrial
ecology, urban design, the planning of sustainable energy systems (see
Stremke & Van den Dobbelsteen, 2013) or in practical applications of
low-carbon, resilient, eco and smart cities. We hope that such strategies
will merge in common, shared frameworks under the low-entropy city
concept in future research developments.

In this paper, the role of urban green infrastructure planning in
building low-entropy cities is explored.

3. Urban green infrastructure (UGI) and the second law of
thermodynamics (SLT)

Many definitions of UGI are present in literature (Boyle et al., 2012;
European Commission, 2013; Landscape Institute, 2013). In this paper,
UGI is defined as an interconnected network of natural systems and
Nature-Based Solutions (NBSs), localised at landscape scale and fully
integrated with the built environment, which provides a diversified
array of Urban Ecosystem Services (UESs) to the urban socio-ecological
system increasing its resilience. NBSs are engineered green/ecological
systems inspired or supported by, or copied from, Nature (EU, 2015).
UESs are benefits that people derive directly or indirectly from natural
and managed ecosystems (Gómez-Baggethun & Barton, 2013; Haase,
Larondelle et al., 2014)

Following the SLT and low-entropy city view, UGI should allow
urban systems to mimic natural ecosystem behaviour wherever pos-
sible.

Considering the city as our socio-cultural niche and artificial eco-
system, Man as an organism of that ecosystem which pursues the
maximization of free energy use should limit the presence of unused
city components and spaces. In a low-entropy city view, urban planners
should aim to organize better city and land use by pursuing social-
economic objectives employing all available and free forms of energy,
defining the best employment for each urban space or, at least, the main
green strategies for different urban zones.

Various types of urban space offer the opportunity to transform
today’s cities into low-entropy cities by imposing NBSs from a SLT view:
two such typologies are unused and underused (green or grey) spaces,
where the concept of unused/underused can be analysed both from a
human and a SLT perspective. From a human perspective, unused/un-
derused spaces do not provide the full range of socio-economic benefits
that people expect from them. From a SLT perspective, such spaces
neither make full use of available free energy and matter (e.g. solar
energy, organic matter and water) nor activate nested and intertwined
socio-ecological cycles among urban landscape components.

Unused and underused space typologies can be classified according
to origin. They can be residual, vacant terrains of urban development
(i.e. urban sprawl) or products of abandonment by industry or re-
sidents. Unused/underused spaces can include buildings, rooftops,
walls, streets, squares and open areas in general and can therefore
emerge in a strictly urban context or in a rural/urban fringe (e.g. me-
tropolitan peripheries) or within/around industrial agglomerations. As
a result, unused and underused spaces play a central role in debates
about urbanisation models and city density (Nefs, 2006). Indeed, un-
used or underused spaces may hardly be accessible to the population, a
source of city degradation, waste accumulation, a refuge for the
homeless and undesired wild fauna, or places where criminal activity is
poorly controlled. Moreover, unused/underused spaces may transform
spontaneously into green/blue spaces by natural processes (e.g. water
accumulation, nature colonization and ecological succession). Even
though natural processes could increase green areas and the flux of
UESs, such dynamics take a long time and the final or intermediate
output may not be fully desirable for people (Rink & Thomas, 2016), or
may even pose a risk to public health (Gulachenski, Ghersi,
Lesen, & Blum, 2016).

Unused and underused urban spaces can clearly be seen as another
thermodynamic waste of a SLT-blinded urban development. Moreover,
present and planned green and blue areas in actual cities may supply a
sub-optimal range of ecosystem services (Meerow&Newell, 2017)
which could be improved by redesign projects following SLT. A UGI
planned following the SLT would increase urban complexity, reducing
both the city’s internal entropy and its external entropy discharges (e.g.
pollutants, floods, thermal radiation). Sunny walls can thus be seen as
tree trunk bark, while a roof, a square or a residual non-urbanized lot
can be equated to a forest clearing. Green roofs and walls, parks, trees,
vegetated infiltration basins and so on, are thus engineered ecological
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systems providing several UESs (e.g. climate regulation) able both to
use the incoming solar energy and rainfall, stocking it in biomass or in
the soil layer, and to reduce the dispersion of entropy and low-value
energy forms such as reflected radiation, radiant temperature or water
runoff. Sustainable urban stormwater management techniques (e.g.
SUDS, LID, BMPs) are examples of such NBSs (Fletcher et al., 2014).
Increasing Nature in a city also enhances ecological connectivity within
urban and extra-urban territories, a fundamental aspect for the health
and resilience of the environment and biodiversity conservation
(Pelorosso, Gobattoni, Geri, Monaco, & Leone, 2016). Moreover, the
added UGI components could augment social capital, cohesion among
citizens and institutions, a sense of place. They could even promote the
creation of local networks, an essential prerequisite to realizing
common and shared objectives of sustainability (Gobattoni, Pelorosso,
Leone, & Ripa, 2015) and responsive and conscious autopoietic systems.
In other words, by SLT-based UGI planning, a socio-ecological com-
plexity could be realised that would allow a city to be more resilient
and sustainable from a thermodynamic point of view, with several
positive outcomes in both the social and the economic sectors. Fig. 1
shows a simplified scheme of the difference between an actual city
without integrated UGI components, compared with a nature-based
low-entropy city with multifunctional UGI. This scheme reports a
conceptual synthesis of city behaviour in managing energy fluxes and
releasing entropy when functional UGI components are added to the
urban system. These functional UGI components have the capacity to
capture unused energy and to reuse wastes (e.g. radiant heat, water,
noise, pollution) coming from other human activities and to transform
them into benefits for the population and other metabolic cycles. Social
benefits (e.g. cultural ecosystem services) are also produced in the
nature-based low entropy city by the improved health status of people
and the creation of further relationships and networks among different
system components leading to more sustainable processes, (eco) social
and technological innovation. Consequently, functional UGI builds in-
ternal system complexity while reducing both the importation of ex-
ternal sources of energy (e.g. for cooling systems as well as for crime
control) and the exportation/creation of entropy outside the urban

system by direct and indirect wastes (e.g. pollution).

4. A strategy for planning UGI in low-entropy cities

In this section, we present a first planning strategy for building low-
entropy cities by NBS. A low-entropy UGI planning strategy should aim
to be as general and adaptable as possible in this seminal conceptual
phase. We therefore decided to give only general indications, leaving
further developments to future research. Indeed, our aim is to make the
strategy applicable to any city, considering that each urban context
needs tailored interventions based on local characteristics, multi-faced
inertia and people-centered approaches with a systemic view in order to
advance the city’s sustainability level (Childers, Pickett, Grove,
Ogden, &Whitmer, 2014; Krellenberg, Koch, & Kabisch, 2016). The
strategy was thus developed bearing in mind the low-entropy city
concept (Section 2), the role of UGI within the SLT (Section 3), and 8
basic planning concepts identified for low-entropy cities (Appendix A in
the Supplementary material). The list of key planning concepts reported
in Appendix A (Appendix A in the Supplementary material) provides
not only the base on which the strategy is built but also a reference for
further developments and improvements.

The strategy presented is constituted by the following phases: 1)
assessment of available energy and matter fluxes; 2) assessment of UES
supply and demand; 3) analysis of unused and underused spaces; 4)
building of UGI scenarios; 5) impact evaluation of UGI scenarios; 6)
definition of suitable planning and governance tools. Moreover, some
new entropy indicators are proposed to evaluate NBSs following the
low-entropy city concept.

When adopting this strategy, the assessment phases should have an
explicit spatial character to guide practical decision-support within
planning processes (Appendix A, planning concept 1, Spatial planning
(in the Supplementary material)); they could also be supported by the
adoption of modelling approaches (Appendix A, planning concept 2,
Modelling (in the Supplementary material)). The UESs evaluation
should be integrated as far as possible with the SLT view to avoid
overlaps and increased assessment costs (Appendix A, planning concept

Fig. 1. Actual city without integrated UGI components compared with a theoretical nature-based low-entropy city with multifunctional UGI. The scheme has only a descriptive func-
tionality of city metabolism and energy exchanges. Metabolic cycle dimensions are not related to their importance within the urban system. Socio-ecological cycles of UGI components are
represented with smaller symbols with respect to human metabolic cycles in order to visualise the spatial organization and the mutual relations they could realize with the city sub-
systems in a SLT view.
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3, Urban Ecosystem Services (in the Supplementary material)). Unused
and underused urban spaces can be classified using public participation,
systemic survey and remote sensing approaches (Appendix A, planning
concept 4, Unused and underused urban spaces (in the Supplementary
material)). Stakeholders should be involved in all the phases following
ad hoc procedures (Appendix A, planning concept 5, Social aspects (in
the Supplementary material)). Moreover, a cyclic assessment phase
should be performed to redefine the objectives, indicators and assess-
ment methods of the strategy, following concepts of adaptive man-
agement and governance of complex socio-ecological systems
(Appendix A, planning concept 6, Transferability and adaptability (in
the Supplementary material)). Spatial Decision Support Systems
(Appendix A, planning concept 7, Spatial Decision Support Systems (in
the Supplementary material)) and Living labs (Appendix A, planning
concept 8, Living labs (in the Supplementary material)) could constitute
strategic tools for the implementation, dissemination and improvement
of the proposed UGI planning strategy. The graphic overview provided
in Fig. 2 represents the conceptual framework of the proposed adaptive
strategy.

The strategy can be applied at different spatial and temporal scales
from local to regional to biosphere level and from one time step to long
time series simulations (Appendix A, planning concept 6,
Transferability and adaptability (in the Supplementary material)). To
be pragmatic and realistic, a lower level scale can substitute the bio-
sphere scale even if the resulting applications and assessments are not
strictly linked to theoretical assumptions. Design experiments should be
monitored post-construction to study the benefits (i.e. UESs, system
complexity) achieved at that specific location. In this view, local and
small urban regeneration projects based on low-entropy principles
could also prove valuable both in increasing city sustainability and in
delivering information regarding how social-economic benefits can be
obtained or maintained through an increase in socio-ecological urban
complexity.

Table 1 reports a list of possible solutions adopted by traditional and
nature-based low-entropy approaches for the main environmental, so-
cial and economic phenomena affecting urban systems. For each urban
issue, NBSs are then shown to build low-entropy cities by enhanced
UGI. It is worth noting that such NBSs must be correctly planned and
that they are not simply alternatives to the current traditional ap-
proaches, rather they complement them. Indeed, a UGI planned to
harness the power and sophistication of nature in a city can turn en-
vironmental, social and economic challenges into innovation

opportunities, while also providing business opportunities (EU, 2015).
However, such a nature-based UGI will entail an increased urban
complexity that needs to be properly planned or at least driven in order
to reduce costs and inefficiencies. The conversion of an empty lot into a
park, for example, could furnish similar or preferable UESs to those
offered by expensive and difficult to realize green roof projects. The
same green strategy can be the best solution for one location, but
completely negative for a similar location in another district or city.
Definitely, in some cases densifying green areas could be discouraged,
as in circumstances of urban gentrification, ecosystem disservices or
high requirement of urban services and facilities (Antognelli & Vizzari,
2016; Wolch, Byrne, & Newell, 2014). A park, for example, cannot
substitute certain urban services, such as those provided by a school, a
theatre or a hospital. On the other hand, a green roof could augment the
climatic condition of such buildings while also a small green area lo-
calised close to a school can help to spread wellness and educational
values into the population. For each urban issue, Table 1 also reports
the typology of UES provided by the proposed NBS and a selection of
the best planning tools to realize such solutions.

Finally, some entropy indicators are suggested for each urban issue
and nature-based solution (Table 2). The proposed indicators are in-
tended to be easily employable by urban planners with the support of
the modelling/assessment approaches used in the assessment phase of
the planning strategy (Appendix A, planning concept 2, Modelling (in
the Supplementary material)). Several indicators used in UES frame-
work are here proposed within the low-entropy city strategy to in-
tegrate assessment methods avoiding overlaps and increased costs
(Appendix A, planning concept 3, Urban Ecosystem Services (in the
Supplementary material)). The proposed indicators, which also have an
explicit spatial character (Appendix A, planning concept 1, Spatial
planning (in the Supplementary material)), are classified in two groups:
internal and external entropy indicators. The former aim to measure the
internal urban system complexity obtained as a result of the proposed
NBS. This internal complexity is then divided into ecological, social and
structural/physical complexity. Internal entropy indicators can there-
fore help to measure UGI socio-ecological cycles within urban systems
(see Fig. 1). The aim of external entropy indicators is to measure the
impact of resource use within an urban system on external territories.
Such territories can be localised within different scales depending on
the chosen assessment strategy (e.g. biosphere or regional scale).

Clearly, many overlaps and feedbacks exist among the different
urban issues, functions and services of NBSs. We argue that, according

Fig. 2. Conceptual framework of the proposed adaptive low-
entropy UGI planning strategy. Due to the flexible character
of the strategy and the multiple relationships among the in-
troduced low-entropy concepts and assessment methods, only
the main connections among the six proposed phases are re-
ported in the figure.
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to the SLT approach environmental, social and economic aspects are
strictly intertwined. A holistic and transdisciplinary UGI assessment
(considering economic aspects such as Life Cycle Assessment and social
aspects such as acceptability to citizens) will therefore lead to a more
effective evaluation of low-entropy strategies.

To clarify the use of the proposed indicators, two examples of
nature-based low-entropy evaluations tackling two different urban is-
sues are presented: the management of storm water and social de-
gradation.

The aim of urban storm water management is to reduce urban
runoff and pollution dispersal. A low-entropy approach suggests the use
of diffuse Sustainable Urban Drainage Systems (SUDSs) as NBSs to
couple with the traditional approach based on grey infrastructure.
SUDSs (e.g. green roofs, rain gardens, infiltration basins) allow storm
water to be infiltrated, stocked and used locally, thus reducing the load
on the grey infrastructures. Instead this load might be not correctly
managed by traditional systems, and would thus be released as waste
into the environment, leading to health problems and increased entropy
outside the urban system. Following the proposed strategy, after an
analysis of water fluxes within the urban system, SUDS scenarios should
be realised where water fluxes are not correctly managed by the current
grey system. We could also evaluate these scenarios in terms of internal
and external entropy indicators. Among the former we would include
SUDS typology (presence of plant species that increase the ecological
complexity of the city), the number of new water management en-
terprises (increased social complexity defined as a network of people
involved in metabolic cycles aimed at managing energy and material
fluxes sustainably) and the evaluation of water infiltrated or stored
locally (physical complexity). The latter index gives a measure of the
alternative (nature-based) water fluxes realised within the urban
system with respect to the artificial water behaviours realised in con-
ditions of high imperviousness. The runoff at the outlet of an urban
catchment can be related to the reduction in entropy released from the
urban system after SUDS scenario implementation (regional com-
plexity).

Social degradation, on the other hand, is a phenomenon that affects
the history, culture and traditions of a community (i.e. its social capital)
which are at the basis of social evolution and self-organization. High
levels of social degradation therefore hamper people’s attempts to co-
ordinate their activities with the aim of achieving mutual benefits
(Gobattoni et al., 2015). Examples of social degradation are found in
deprived districts, the neglected or abandoned areas where criminality,
inequalities, social exclusion, marginalisation and poverty have a ser-
ious impact on human health, quality of life, well-being and the security
of citizens, particularly among the less privileged social classes. The
suggested entropy indicators can be used to evaluate the efficiency of
an urban park to regenerate such urban areas in terms of SLT. Increased
internal ecological complexity can be measured by the number of
species or trees in a green area, while the social complexity of an urban
system can be evaluated by looking at the measured or expected var-
iation in residents or crimes around the urban park. Such indicators are
related to life quality and the possibility of creating positive and safe
social relationships among residents. Structural/physical complexity
could be investigated by the variation in land use pattern due to the
park’s realisation and the consequent changes in urban services and
forms. The relationship between urban land use patterns and the effi-
cient use of resources has been identified for energy consumption and
carbon emissions (Ye et al., 2015) and social capital (Bramley & Power,
2009; Nassauer & Raskin,2014). Finally, the cultural impact of the park
on the sustainability of the autopoietic urban system can be assessed by
investigating people’s awareness of socio-ecological issues in countries
and ecosystems related with unresponsive and unconscious city re-
source consumption. The educational values of the park, also associated
with the planning and design processes, can be thus evaluated by
questionnaires.

5. Discussion

The proposed low entropy UGI planning strategy still presents some
limitations in its preliminary general form and it might encounter some
obstacles when translated into practice.

A limit of the current strategy is the difficulty of taking into account
social aspects exhaustively. The low-entropy city concept recalls for
conscious and responsible people networks to reach a more equitable
and fair use of resources. The derived strategy provides room for social
assessment, through embedded stakeholder involvement in every
phase. It also contains some specific indicators (see Table 2) designed to
measure a number of social benefits of proposed NBSs and to consider
socio-ecological issues related to different people needs and the un-
responsive and unconscious city resource consumption. However, the
complex, cause-effect relationships underlying social phenomena are
hard to predict. Therefore, a correct definition of sustainable actions
requires a specific investigation into the social changes which can de-
rive from, or be activated by, interventions on the urban system, and
which could generate unequal and unjust social and environmental
conditions (Appendix A, planning concept 5, Social aspects (in the
Supplementary material)). Future research will aim to examine in depth
and, where possible, improve the proposed approach especially as re-
gards social implications, which can vary greatly and are hard to re-
present by means of one-fits-all indicators. The contribution from Urban
Political Ecology (Heynen, Kaika, & Swyngedouw, 2006) to this end
would surely be pivotal in completing the vision provided by the low-
entropy concept through the comprehension and in-depth perception of
the social, economic, political processes behind highly uneven urban
landscapes.

Other constraints affecting the proposed nature-based low entropy
city strategy may be related to the management of complexity. The low-
entropy approach considers the city as a complex socio-ecological
system and the strategy and indicators derived are designed to assess
the multiple and intertwined urban processes behind this complexity.
Translating complexity into urban planning practice is a crucial issue
that generates increased costs, new rules of governance and stakeholder
involvement, which all deserve to be accurately studied (Floyd,
Iaquinto, Ison, & Collins, 2014; Richardson, 2016).

An essential prerequisite for successful implementations of the
proposed planning strategy is an adequate knowledge and under-
standing of the main concepts at the basis of the approach, on the part
of managers, administrators and planners. If correctly informed and
fully engaged, they could put the low-entropy city concept into practice
using planning tools which are already available, or possibly pave the
way to new special regulations and technical rules favouring the
achievement (and the measurement) of quantitative results in terms of
entropy reduction. Furthermore, the political context in which the
strategy is pursued plays a key role, since the final outcomes of any
general UGI and NBS strategy strictly depends on the willingness and
engagement of local institutions (Haase et al., 2017; Krellenberg et al.,
2016). As for other planning strategies towards city sustainability (Buijs
et al., 2016; Krellenberg et al., 2016), the active involvement of city
dwellers and their conscious acceptance are fundamental elements of a
successful low-entropy strategy implementation. Although the strategy
envisages stakeholder involvement in all the phases, specific procedures
are required to ensure the engagement of city dwellers. An adequate set
of ad hoc measures to increase the stakeholders’ awareness of urban
sustainability issues, and to enable them to transfer that knowledge into
action, could be identified by making use of the boundary work fra-
mework, defined by Cash et al. (2003) and regarding which the sci-
entific literature reports interesting applications (e.g. Adem
Esmail & Geneletti, 2017). These measures, primarily aimed at med-
iating tension among involved stakeholders, could enable the practical
realisation of interventions conceived according to the low-entropy
view.

Moreover, the reported general low-entropy UGI planning strategy
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needs to be transferred and adapted to the specific local characteristics
of the urban context in which it is to be applied, thus requiring an initial
effort to analyse the city system and, subsequently, to identify appro-
priate measures to reduce entropy production. This preliminary eva-
luation can be time-consuming and it requires economic resources and
multiple specific expertise. Thus, the low entropy approach can meet
opposition from administrators and it can be seen as hard to realize,
above all in certain urban contexts with unfavourable socio-economic
conditions. Future research and studies should be then addressed to the
further development of the operative low-entropy strategy definition
working on improving the structure and description of each phase.
Additional efforts should be directed to test the proposed entropy in-
dicators and possibly to extend the list of indicators to cover other
environmental, social and economic phenomena.

Finally, practical implementations on exemplificative study cases or
the creation of ad hoc urban living labs, would provide useful in-
formation and datasets not only to quantify the contribution of the
proposed approach in terms of socio-environmental impact reduction,
but also to improve and detail the general low-entropy strategy and
indicators discussed here. Indeed, these intertwined complexity-related
issues and the effectiveness of the possible low-entropy solutions can be
evaluated only by real study cases. An initial research (and economic)
effort is therefore necessary to realize front-runner low-entropy im-
plementations to real urban areas in order to define effective UGI
planning strategies.

6. Conclusions

In today’s context of climate change and natural resource scarcity,
we need to accelerate the race towards city sustainability. However, we
must not only select with care the proper direction for future city de-
velopment, but also find strong grounds on which to base our moves to
avoid expensive and/or late re-thinking. A correct and holistic view of
cities within the natural world could help better define strategies to
solve human conflicts with the natural environment. In this view, the
low-entropy city is a boundary concept that allows a unique and holistic
vision of human-nature connections (Ives et al., 2017), able to confer
conceptual synthesis to the multiple frameworks characterizing urban
ecology along the path towards a Science of Cities (McPhearson et al.,
2016).

The Laws of Thermodynamics establish that a zero waste growth is
impossible to obtain, therefore the proposed low-entropy city re-
presents a feasible goal towards which all present or future cities should
aspire. In this essay, we present a low-entropy strategy for UGI plan-
ning. Further research efforts will aim to improve the strategy but also
to transfer the low-entropy concept into different application fields and
geographical contexts, going beyond the implementation of UGI in
urban areas. Indeed, the wide applicability of this concept could allow
its implementation in a variety of urban contexts, sub-systems (e.g.
water, waste, health, and transport sectors), landscapes (e.g. energy
landscapes) and innovative sustainability assessment procedures.

In this paper, we propose our (still theoretical but potentially op-
erative) low-entropy planning strategy and indicators designed to
tackle several environmental, social and economic urban issues by
means of Nature-based solutions. We are aware that the proposed low-
entropy approach is perfectible and several awkward points for its ap-
plicability as well as suggestions for future researches have been re-
ported. Nonetheless, we think that like other approaches to sustain-
ability, the low entropy concept will only have real effectiveness when
the cultural evolution of society is sustained by proper levels of com-
plexity, organization and functionality (Costanza, 2013; Fath, 2017;
Pirsig, 1991) able to accept the low entropy paradigm as a whole, thus
avoiding misleading and erroneous applications generating unexpected
consequences at different temporal and spatial scales.

However, we hope that our nature-based view of urban systems will
stimulate urban planners, urban ecologists, architects and scientists,

and inspire theoretical discussions as well as practical follow-ups that
will contribute to realize even more low-entropy human systems.
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