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Abstract This paper presents the theory behind the concept of low-entropy cities
based on the second law of thermodynamics. This concept aims to provide a bridge
among different approaches on city sustainability studies, highlighting the links
between natural processes and the socio-ecological complexity of urban systems.
A practical low-entropy application is then proposed for urban storm water man-
agement, examining the planning of nature-based solutions with the support of a
modelling approach. A further novelty of this work is the attempt to combine entropy
with resilience assessment for urban green infrastructure planning.

1 Introduction

In a previous work (Leone et al. 2016), the authors highlight the importance of taking
the laws of thermodynamics into consideration when planning actions to improve the
sustainability of cities and landscapes. In particular, a SLT approach, also defined
as “second-law thinking”, is proposed as a planning paradigm aimed at increas-
ing exergy (i.e. the energy component able to produce work) and, consequently, at
reducing the production of wastes (entropy) which impede the functionality of the
socio-ecological system. In this work, we explore another aspect of SLT, the entropy
concept. Entropy is a measure of the disorder, or waste of the city, and as such can
be considered an indicator of the diversified impacts of the urban development on
the biosphere.

The entropy release of a city today is excessive because it overcomes Earth’s natu-
ral capacity of regeneration and threatens to destabilise the urban (human) civilization
itself, which is causing it.

Indeed, a link has clearly been established between consumption processes (also
in terms of soil sealing, and relative waste productions) and social-environmental
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problems (e.g. increasing soil erosion, decreasing biodiversity, climate change and
migration), which are all consequences of the natural response by Gaia to the human
imposed constrictions on the irreversible growth of global entropy (Costanza et al.
2012; Fistola 2011; Gobattoni et al. 2011; Karnani and Annila 2009; Lovelock and
Margulis 1974).

Recently, a new thermodynamic concept of cities has been proposed to support
a more systematic evaluation of the urban system sustainability (Pelorosso et al.
2016a). In particular, Pelorosso et al. (2017) propose a low-entropy urban green
infrastructure (UGI) planning strategy and several entropy indicators to face the main
environmental, social and economic phenomena affecting urban systems. The low-
entropy city approach can lead to a reduction in consumption, but more importantly,
it aims to investigate what is consumed, how energy and matter are used and where
waste might induce socially and environmentally negative consequences.

Nature-based solutions (NBSs) are engineered green/ecological systems inspired
or supported by, or copied from, Nature (EU 2015). NBSs are part of UGI, examples
include Sustainable Urban Drainage Systems (SUDS) or urban BMPs to control
pollution, runoff and, in general, to ensure a sustainable urban water management.
These include green roofs, pervious surfaces, constructed wetlands, detention basins,
infiltration basins and filter drains (Pelorosso et al. 2013; Recanatesi et al. 2017). Such
NBSs aim to regulate the water cycle through their adsorption, stoking and infiltration
capacities and then they represent potential sustainable solutions for the reduction
of city entropy.

The objective of this contribution is to present a first application of the low-
entropy city concept in the context of UGI planning aimed at optimizing the storm
water cycle and thus reducing its negative impacts on urban and extra-urban systems.
Accordingly, some new indicators are used to evaluate the entropy of an urban system
in terms of water quantity and quality parameters in a base scenario and a NBS
scenario. The latter is proposed with the aim of increasing the system’s hydrological
resilience (Pelorosso et al. 2018). The variation in entropy indicator values shows
the operational potential of the low-entropy concept for storm water management in
urban contexts as well as being the first proposed integration of entropy and resilience
concepts in UGI planning.

2 The Low-Entropy City

Every single living organism of the landscape, Man included, uses and exchanges
energy and matter (e.g. fossil fuels, solar radiation, organic matter, food, minerals,
soil) struggling to develop highly (social-ecological) ordered, lower entropy struc-
tures to increase the total dissipation of energy and maximize the global production
of entropy (at Earth scale) following the Second Law of Thermodynamics (SLT).
Man, more than other species, plays a fundamental role in the evolution process of
the global system due to our ability to modify the biosphere (and consequently, the
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landscape) drastically in order to reach our objectives (Norra 2014; Pasimeni et al.
2014).

Cities can be seen as open systems and, according to the SLT, they can increase
their socio-ecological structure and complexity (negentropy) only by increasing the
disorder and random-ness (entropy) in their host system, the biosphere.

Thus, low-entropy cities are urban systems with lower entropy release into the
biosphere adopting strategies that mimic, as far as possible, Nature and the structure
and functioning of ecosystems according to the SLT and the circular economy of
Nature (Ho 2013). A low-entropy city will therefore evolve and grow enhancing its
socio-ecological and structural complexity (reducing internal entropy) by adding and
optimizing functional elements and synapses among them while wastes (exported
entropy to the biosphere) are minimized. Entropy exported to the biosphere is repre-
sented by direct and indirect city wastes. Direct wastes derive from urban metabolic
cycles of socio-ecological and technical systems, indirect wastes are produced by
unsustainable extraction of resources in source countries and ecosystems in order to
sustain the same urban system.

In this work a first application of this concept is presented in the context of storm
water management and NBS planning.

3 Nature-Based Solutions and Second Law
of Thermodynamics

Cities are human-modified complex ecosystems (Bai 2016) and associations between
natural and urban processes are possible.

In nature, an ecosystem such as a forest, has no useless features because each
component has a role in the functioning of the whole system. An open space within
a dense forest created by tree falls can host colonizing plant species, can be a habitat
for wild fauna that spread seeds or pollinate flowers allowing a complex ecosystem to
evolve and regenerate maintaining sufficient levels of identity and essential resources
(e.g. soil fertility). The bark on the sunny side of a tree trunk may host a most
beautiful orchid, while the shady side supports an incredible lichen community. All
these organisms appear and grow in a suitable habitat because they have evolved
to use the free available energy present in that site and those conditions. In natural
ecosystems, very little energy is wasted but instead it is stored (e.g. as biomass) and
transformed into different forms that can be used by other organisms for the benefit
of the whole system. Similarity and in a scalar and fractal manner, a cell plays its
role in an organism, a cell sub-component within that cell. All the components of an
organism (from unicellular to an entire ecosystem) carry out a role in the evolution
of the upper system through cooperation and competition mechanisms that often can
be observed and understood only from the highest levels of the system (Capra and
Luisi 2014).
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Good farmers apply rotational crop management, recycle and reuse everything in
their productivity systems (Ho 2013; Leone et al. 2014). Entrepreneurs restructure,
close or sell inefficient society components. Engineers reduce heat loss and employ
used heat to support other industrial processes, thus increasing global efficiency.
Like these examples, in a low-entropy city view, urban planners should aim to pursue
social-economic objectives employing all available and free forms of energy, defining
the best employment or, at least, the main green strategies for different underused
and unused urban spaces that represent an opportunity for transformation and urban
regeneration (Gobattoni et al. 2016; Pelorosso et al. 2017).

In a SLT view, NBSs providing several UESs (e.g. climate or water regulation) are
able not only to use the incoming solar energy and rainfall, stocking it in biomass or
in the soil layer, but also to reduce the dispersion of entropy and low-value forms of
energy such as reflected radiation, radiant temperature or water runoff and associated
pollutants. Clearly, following the low-entropy concept, NBSs should be planned
where excessive or unused energy, water and wastes are present. Indeed, NBSs must
be adapted to local conditions to be energy and resource-efficient and resilient to
change (EU 2015).

4 Study Case

The considered study area has an extension of about 330 ha and corresponds to the
second municipality of the Bari Metropolitan Area (Fig. 1) where the urban drainage
network is inadequate to manage storm water runoff efficiently. The combined sewer
system, during heavy precipitation events, is not capable of managing all the volumes.
Consequently the overloads affect the urban system, flowing directly to the seafront,
contaminating the adjacent public beaches with obvious consequences on health and
fruition.

5 Methods

In this work, some new indicators are used to evaluate the entropy of the urban
system in terms of water quantity and quality regulating capacity. A base (status
quo) scenario has been modelled and subsequently compared with a Nature-based
scenario, proposed to increase the hydrological resilience (Pelorosso et al. 2018).
The difference in entropy indicators shows a clear potential for implementation of
the low-entropy approach for the storm-water management in urban contexts.

Few applications of the entropy concept have been presented in a context of
spatial urban planning (Balocco and Grazzini 2000; Fistola and La Rocca 2014)
and, to our knowledge, none within urban storm water management. Pelorosso et al.
(2017) propose new kinds of entropy indicators intended to be easily employable
by urban planners with the support of a modelling/assessment approach similar to
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Fig. 1 Study area

Table 1 Entropy indicators and NBSs for urban storm water management (modified from Pelorosso
et al. 2017)

End-of-pipe NBSs

Low-entropy nature-based
solutions

Diffuse NBSs (green roofs,
permeable pavements and
bio-retention basins)

(phytoremediation plants,
wetlands)

Internal entropy indicators

Ecological complexity

n° and typology of NBS

n° and typology of species,
local freshwater ecosystems
health status

Social complexity

People and water enterprises

People and water enterprises

Structural/physical complexity

% infiltration or stored water

Re-used water

External entropy indicators

Biosphere/regional complexity

Outlet flooding, global runoff

Health status of receiving
freshwater and sea
ecosystems, CO, emission

that presented herein. Table 1 reports the entropy indicators proposed by Pelorosso
et al. (2017) to evaluate a NBS scenario in terms of urban storm water management
efficiency following a SLT view.

The proposed indicators have an explicit spatial character to allow for practical
decisions on urban planning. They are classified in two groups: internal and exter-
nal entropy indicators. Internal urban system complexity (internal entropy) can be
increased by NBSs and it is divided into ecological, social and structural/physical
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complexity. Internal entropy indicators can therefore help to measure UGI socio-
ecological cycles within urban systems (see Sect. 2). External entropy indicators
measure the impact of urban systems on external areas. The identification of the bor-
ders of open systems such as cities is a hard issue. Nevertheless, such external areas
can be identified at local scale, with opportune justifications, for a real pragmatic
and operative planning (Pelorosso et al. 2017).

In this work, we propose more detailed entropy indicators adapted to the specific
study case. Specifically, only structural/physical complexity is presented leaving
further assessments to a future research development. External indicators are referred
to the outlets of each sub-basin and at the outlet of the whole urban catchment that
converges to the treatment plant. It is worth mentioning that water amount can exceed
the overflow weir at the outlet of the study area during critical rainfall events. At such
times, the entropy (waste) is not managed by the treatment plant and is discharged
into the sea by the drainage pipe directly.

All the following entropy indicators are derived from the outputs obtained through
the implementation of the US-EPA managerial model called Storm Water Manage-
ment Model (SWMM, release 5.1.012), which is a well-recognized tool for dealing
with storm water management issues (Zhou 2014). The simulated critical rainfall
event has a three hour duration (equal to the concentration time of the urban catch-
ment) and a return period of five years (as requested by Italian technical legislation
for urban drainage systems) (Pelorosso et al. 2016b).

Two internal entropy indicators, E', have been proposed to evaluate the efficiency
of the actual land use assemblage in terms of SLT

) infiltration (mm);
E . = ! (1)
infiltration_j rainfall (IIIIIl)] .

Ezl"nfihmtion,j describes the amount of water infiltrated into a sub-basin j with
respect to the total amount of rainfall in the sub-basin j. It can be used to determine
the efficiency of the current land use in terms of groundwater recharge for the sub-
basin j. The hypothesized groundwater recharge would allow local use of water and

the maintenance of a healthy status for green areas (e.g. urban trees, parks)

. storage (mm); 2
storage_j — rainfall (mm)] .

L ora ¢e_j describes the amount of water stocked in a sub-basin j with respect
to the total amount of rainfall in the sub-basin j. It is related to the efficiency in
water reuse for UES provision (e.g. biodiversity support or irrigation for local food
or non-food production).

Both indicators can be used to design more liveable environments with positive
potential outcomes in social and cultural terms, such as the possibility of creation of
green meeting points, urban gardening etc.

The other proposed external entropy indicator, E¢, considers quantitative and

qualitative water parameters:
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over flow (L);
Esverflow i — A 3)
-/ inflow (L),

E¢.., f1ow_; takes into consideration the efficiency of the drainage system in man-
aging water runoff. The measurement is realised in the node of the drainage system
related with sub-basin j. In this case, it describes, for each node j, the amount of
combined sewerage overflow during the simulated rainfall event divided by the total
inflow into the same node due to sub-basin runoff and the current pipe load

Total volume (L),

E¢ . = . 4
sewagedischarge_s rainfall (L)v ( )

e . . . .
sewagedischarge_s describes the efficiency of the green and grey infrastructure in

managing the total amount of rainfall at whole system level. Total volume is the
amount of discharge (L) at the final outlet; rainfall is the total amount (L) of rainfall
in the whole system s

TSS washoff (kg),;

Eéoo . = . 5
7SS area (mz)j )

E%s ; describes the Total Suspended Solid (TSS) produced in a sub-basin j by
washoff related to the total area of sub-basin j producing the TSS. 7SS is listed
as a potential pollutant by the Handbook of Urban Runoff Pollution, Prevention
and Control Planning (US EPA 1993) and is widely recognized as a conventional
contaminant in the international scientific literature (Borris et al. 2014; Hilliges et al.
2017; Revitt et al. 2014). TSS may have negative impacts on natural Habitat and on
aesthetic and recreational value, may cause and/or increase erosion phenomena and
transport pollutants (US EPA 1993)

e T SSoverflow (kg); 6
TSS_overflow_j — TSS lnflow (kg)l . ( )

ES5s overflow. i considers the amount of TSS into the overflow of each node. It
describes the efficiency of the drainage system in managing the TSS coming from a
sub-basin j plus the current TSS load in the upstream pipes

_ T8SGke), -

Etrss.s area (m?)

N

Ef ¢ . describes the efficiency of the green and grey infrastructure in managing
the total amount of TSS at whole system level s.

It is worth noting that indices (1, 2, 3, 4, and 6) are unit-less, while indices (5)
and (7) are expressed in (kg/m?). All these entropy indicators give us a measure
of the system’s efficiency in terms of quantitative and qualitative water parameters
but, most importantly, they provide us with a measure of the spatial distribution of
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wastes (entropy) with respect to certain fixed variables relating to the context of
the study case (specific morphological characteristics of the basin and sub-basin,
green and grey infrastructure) and the simulated rainfall event. Following a SLT
view, planners and designers should then analyse the proposed entropy indicators in
order to increase and optimize the local reuse of water (as described by the internal
entropy indicators 1 and 2) and reduce wastes or even transform them into a resource
for other metabolic activities (as described by external entropy indicators, 3, 4, 5,
6, 7). Finally, a composite indicator of external entropy at sub-basin scale is calculated
as the sum of standardized entropy indicators EY,,, 1, j-E7gs jand Efgg 000
obtained by dividing each one by the maximum value registered in the base scenario.
This index of external entropy was then reclassified in three classes and mapped to
add further judgment criteria about the spatial distribution of critical points amongst
the different sub-basins.

6 Results

Figure 2 shows the spatial distribution of the entropy indicators calculated at sub-
basin scale. In map 2a, b an inverse colour scale has been used since high values of
the indicators represent more internal complexity (i.e. water infiltration and storage)
and then more possibilities for water reuse and an increase in system complexity.
The distribution of these indices shows a reduced functionality of the system for
sustainable storm-water management. The external entropy indicators show several
critical sub-basins (see also the composite indicators of Fig. 2f), mostly in the south-
central part of the study area, with particular reference to the sub-basins 40, 37, 17,
31, 22 and 33. At the final outlet, entropy indicators at system level report: (a) a
water volume discharge of around half of the total rainfall volume, (b) a mean TSS
of 2.3 kg/ha produced by the whole basin (Table 2).

The variation in entropy in the NBS scenario can be evaluated at system (Table 2)
and sub-basin scale (Table 3). Internal entropy indices show a slight increase in val-
ues with respect to the base scenario where the infiltration and storage of stormwater
processes were proximate to zero due to the high imperviousness of the urban dis-
trict. A significant reduction in external entropy indices is shown in the sub-basins
where the introduction of NBSs and the grey infrastructure re-design are proposed.
Moreover, two sub-basins (nos. 39 and 41) display an entropy reduction above all

Table 2 External entropy indicators at system level

Entropy indicator Base scenario NBS scenario A%
Esewagedischargeis 0.518 0.513 —0.965
(Eq. 4)

Erss s (Eq. 7) 2.328 2.283 —1.968

Base scenario and NBS scenario
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Fig. 2 Indicators of internal entropy a, b, external entropy c—e and composite external entropy (f)
at sub-basin scale

in terms of overflow as they are downstream to the proposed interventions and they
receive a smaller amount of sewerage inflow.

7 Discussion and Conclusions

The strength of thermodynamics is its ability to describe whole systems and aggre-
gate properties, on macro scales, that emerge from complex micro-scale processes
(Bristow and Kennedy 2015). Despite the widespread scientific awareness of thermo-
dynamics as a key for interpreting evolution mechanisms, practical ways to employ
it in land use decision making, landscape ecology and urban planning are challeng-
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Table 3 Variation in entropy indicators at sub-basin scale

Sub-basin | Proposed A A Egtorage A% A% ETtss A%
intervention | Eipfiltration Eoverflow ETSS?overﬂow

17 Infiltration | 0.05 0.18 —23.88 —50.94 —60.22
basin

24 Extensive | 0.20 0.07 —46.13 —21.73 —-51.77
green roof

37 Permeable | 0.56 0.00 —33.72 —-59.07 —34.60
pavement

39 0.00 0.00 —100.00 0.00 0.00

40 Grey infras- | 0.00 0.00 —18.25 0.00 —18.26
tructure
project

41 0.20 0.07 —12.83 —-21.21 —12.68

Only sub-basins with significant variation in entropy are reported. Einfiltration and Estorage Variations
are expressed in absolute values

ing. In practice, entropy and the second law of thermodynamics tend to be applied
only metaphorically, while the required equations and parameters are often abstract
quantities and are not usually available to and manageable by land managers and
urban planners (Cushman 2015; Filchakova et al. 2007; Pelorosso et al. 2011; Leone
2014). There is also a need for hierarchical levels and multi-scale processes to be
investigated in greater depth than is generally the case. In contrast, real sustainable
futures and cities need to be designed under the lens of thermodynamics as they are
the fundamental laws of universal evolution (Leone et al. 2016; Rees 2012).

The proposed entropy indicators represent new tools towards sustainable land-use
decision making. This work shows how a quantitative modelling assessment approach
could be successfully applied in urban planning practice while dealing with green
infrastructure and grey infrastructure design. However, in this work, only the entropy
release associated to hydrological processes is studied and further research is there-
fore necessary both to define entropy more appropriately in ecological/environmental
terms (e.g. impact on urban climate, biodiversity) and to investigate possible impli-
cations on social aspects (Pelorosso et al. 2017).

The integration of the SLT into the planning of NBSs will require a transdis-
ciplinary approach with a proactive contribution from different research fields and
experts. Proposed assessment methodology and entropy indicators can be used to
evaluate different NBS scenarios and/or to guide the design process in building
low-entropy cities with multifunctional UGI components. An example of this multi-
perspective view-point implementation is presented in another work (Pelorosso et al.
2018), where an integrated climate resilience and vulnerability assessment allows
the best NBSs to be allocated to the most suitable areas. The choice and the spatial
localization of NBSs would therefore focus on the optimization of UGI multifunc-
tionality, considering SLT (i.e. available and recyclable water or intercepted waste),
resilience (i.e. adaptive and recovery capacity) and a UES viewpoint (e.g. number
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and typology of beneficiaries). This work, using the scenario NBS coming from
(Pelorosso et al. 2018) can thus be considered as a first step towards the integration
of the resilience and entropy concepts into a process of sustainable planning of urban
systems.
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