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Abstract: In recent decades, cities have been experiencing accelerated population growth, associated
with an increase in the scales of production and consumption. This fact, combined with deficient
management of resources and waste, has led to the loss of biological diversity, compromising
the generation of ecosystem services, with disastrous consequences for human health and well-
being, but also for the economic system. In the field of civil engineering, the predominance of
artificialisation and impermeabilization of cities (called “grey engineering”) is being questioned to be
replaced or complemented with new types of infrastructures that represent a transformative change
to achieving more sustainable cities. Through system dynamics applied to the economic modelling
of the city of Santander (Spain), the aim of this study is to analyse the profitability of investment
in ecosystem restoration and in both green and blue infrastructure, and of the implementation
of environmental policies based on the relationships of affection established in the model, which
represent the interactions between the main actors in urban dynamics. As a main conclusion, it is
found that investing in green infrastructures and ecosystem restoration, and environmental policies

is highly profitable: EUR 1 spent can produce up to EUR 100 as a benefit.

Keywords: system dynamics; green and blue infrastructure; ecological restoration; profitability
analysis; urban modelling

1. Introduction

Currently, more than half of the world’s population lives in cities, and by 2030, this
figure is expected to reach 60% [1,2]. Cities are complex ecosystems governed by socio-
economic activities and natural processes simultaneously, and therefore urban ecosystems
need integrated, effective, comprehensive, and multifunctional ecological infrastructures [3,4].
The vertiginous process of urbanisation in recent decades has meant that the decisions
of the human population living in cities affect the resilience of the entire planet [5]. The
urbanisation of cities faces fundamental challenges, but also an unprecedented opportunity
to achieve resilience and ecological functioning of urban systems [6].

As a consequence of current population growth, cities have experienced, over the last
50 years, an increasing demand for services such as energy, food, water, materials and land
use, which has placed a significant cost on planetary systems [7].

The increasing production from non-renewable resources generates new global chal-
lenges such as climate change and biodiversity loss [8]. According to the World Economic
Forum’s Global Risks Perception Survey [9], five of the top ten most likely major risks
facing society today belong to the environmental category: extreme weather, failure of
climate action, natural disasters, loss of biodiversity and anthropogenic environmental
disasters.

Current trends of excessive global population growth suggest that by 2050, the Earth’s
land area free from the impact of anthropogenic activities will have shrunk to one-tenth of
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the planet [10]. Climate change, land-use change, ecosystem fragmentation and habitat
loss, overexploitation of natural resources, high levels of pollution and the presence of
invasive species are the main threats to biodiversity in today’s cities [11].

According to the Millennium Ecosystem Assessment, most of the actions developed
in the past decades to attenuate or reverse the degradation of ecosystems have yielded
significant benefits; however, these improvements have generally not kept pace with
growing pressures and demands [12].

Both problems, the growth of urban population and the need to preserve ecosys-
tems, show the relevance of cities as emerging areas where further study on the correct
management of nature areas is clearly needed.

The relationship between ecosystem services and human quality of life is revealed
through the influence that ecosystem disturbances have on the various components of
human well-being, such as the basic material needs for a good life, health, good social rela-
tions, security, and freedom of choice and action, in addition to their significant contribution
to global employment and the economic activity [12].

Nature-based solutions, which imply bringing nature back into cities, can include
retrofitting green and blue infrastructure, creating and conserving green spaces and water
bodjies, promoting urban agriculture, implementing sustainable urban drainage systems,
and providing ample and accessible vegetation cover in urban and peri-urban areas. Ac-
cording to [13], increased use of green infrastructure and other ecosystem-based approaches
advances the development of urban sustainability, while also serving to strengthen climate
mitigation and adaptation. Furthermore, as defined by the European Union, nature-based
solutions should be “cost-effective, simultaneously provide environmental, social and
economic benefits and help build resilience” [14].

The design and management of this green infrastructure aim to harness nature’s self-
capacity to provide the full range of ecosystem services and the protection of urban and
rural biodiversity [15]. Several studies such as the one developed by Elmqvist et al. [6] show
that increased investment in green infrastructure in the urban landscape can be a potential
source of both monetary and non-monetary benefits for society and the common good,
contributing to the conservation of biodiversity and the development of more resilient
urban areas. The presence of trees, parks and gardens, wetlands, green roofs, forests
and other natural spaces increases the generation of ecosystem services, improving the
urban environment, contributing to the mitigation of the effects of climate change and
maintaining ecological balance [16]. Some research has found that the cost of investing in
green infrastructure can be considerably lower than traditional grey infrastructure, whilst
highlighting its multi-functional nature and lower maintenance requirements [3].

Ecological restoration, considered as the process by which the re-establishment of an
ecosystem that has been degraded, damaged or destroyed is promoted [17] is aimed at
optimising biodiversity and ecological processes, and the generation of ecosystem services,
taking into account the ecological, socio-economic and cultural framework. According
to [18], the multiple benefits of ecosystem restoration include protection against extreme
meteorological events, prevention of erosion, carbon sequestration, habitat restoration,
etc. Moreover, according to this report, the benefits of ecosystem restoration are likely
to outweigh the costs of implementation, particularly in the case of wetland, grassland,
inland and coastal forest restoration [18,19]. Other recent studies estimate the cost of
environmental impacts of human activities in trillions of US dollars annually in loss of
goods and services [20]. Although proper maintenance, conservation and the sustainable
use of biodiversity and ecosystems have been stated to be cheaper, given the present state
of ecosystem degradation, restoration is currently considered an imperative [21].

While multiple studies identify and highlight the importance of urban ecosystem
services and natural capital and the environmental threats they face [22,23], fewer studies
address the understanding of the complex dynamics of ecosystems in urban environments.
In this group, the most relevant examples apply a system dynamics approach [24-26], and
particularly, in terms of the economic impact of restoring these services through investment
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in green infrastructure and ecosystem restoration [6,19]. It is crucial to emphasise the
importance in this study of economic quantification and valuation of ecosystem services
and natural capital, beyond the mere ecological criteria [22,27-29] introducing the concept
of ecological economics [30,31].

The main objective of the work presented in this article is to test the favourable
influence of increased investment in nature-based solutions on the economy and the
quality of life of the inhabitants of the city of Santander (Spain), by means of a system
dynamic model.

Although the development of a dynamic model of a city is not an entirely novel
idea [25,32-35], the idea of using it to study the effects of investment on green infrastructure,
as a solution to the environmental threats that cities face today, is a more recent approach,
which is not sufficiently settled in the literature [24,36-38]. For this purpose, in this study,
a cost-benefit analysis of investment nature-based solutions has been carried out, as well as
the implementation of new environmental policies (i.e., reduction of pollutant emissions,
waste management, etc.).

2. Materials and Methods

The following sections aim to present the data used in the elaboration of the economic
system dynamics modelling of Santander, as well as to describe the methodological process
that has been carried out for its elaboration. First, a short description of the software used is
presented. Then, the study area to be modelled using VENSIM and whose urban dynamics
are to be analysed is described. Lastly, the theory of system dynamics (SD) is introduced,
with a detail description of the economic SD model of Santander, the development of which
is presented later.

2.1. VENSIM Software

The VENSIM PLE (Ventana Systems Inc., Harvard, MA. USA) software by Ventana
Systems is a simulation software that allows the set of equations that make up a complex
dynamic system to be easily solved. VENSIM is a widely used system dynamics modelling
system for simulation applications due to its intuitive user interface. In addition, VENSIM
offers a flexible way to dynamically visualise and communicate the complexity of how
systems and ideas work by constructing a wide variety of simulation models from causal
loops or flow and balance diagrams [39].

System dynamics software have broadly expanded in the last 20 years. The selection
of VENSIM as analytical framework is based on four reasons: first, its computational
efficiency is out of discussion; second, the accessible PLE version allows easily replicating
the model for further research; third, the simplicity of the interface invites to easily adopt
it for newcomers; and finally, the existence of a dynamic community that supports open
training resources invites to use it as a reference. These circumstances are not unique for
VENSIM but globally observed VENSIM is well ranked in all of them.

2.2. Study Area

The city of Santander is the capital and the main population centre of the province
of Cantabria (Spain). This study area has been selected as case study for several reasons.
First, coastal cities are settled in direct connection with coastal environment. Therefore,
the urban density—environmental quality—urban conditions feedback loops are visible
and accessible for the society subject to it. The decision-making process will be sensible to
the situation when, for example, beaches are affected by pollution and individuals cannot
enjoy from them.

Second, even when climate change is involved (and the impact is not direct), coastal
cities are good examples of exposed areas to environmental impacts. In this sense, the
situation of Santander, located in a coastal area, near a cape and creating a bay, creates
space scarcity that generates social debates on how to handle the emerging issues as the
“send it further” option does not exist in this case.
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Lastly, the reasonable size of the municipality and the availability of data [40,41] for
the analysis support the decision to focus the analysis on Santander.

Based on these, the study area was considered to be the municipality of Santander
itself and, and the surroundings of the Bay, partially made up of the localities of Somo and
Pedreria (Figure 1). This area represents up to 35% of the inhabitants of Cantabria [42].

Santander

Figure 1. Location of the study area in the region of Cantabria (Spain) and delimitation of its borders
(own elaboration).

The economic structure of the study area is closely linked to its geographical location,
between the bay and the Cantabrian Sea. It is for this reason that the economic development
of the city of Santander is parallel to the development of its port and the urban area of the
city [40]. Around its port, the growth of maritime transport of goods has taken place with
an upward trend from 1962 to the present day [43] and passengers, highlighting its regular
shipping lines with connections to the United Kingdom and Ireland, and the local shipping
lines between the shores of the bay.

According to data from the CORINE Land Cover [44], 85.65% of the study area is
made up of water bodies; 10.8% is agricultural land; artificialized land comprises 3.05%,
while the urban fabric covers 1.95% of the studied area; and the land area occupied by
forests and semi-natural areas, and urban green spaces accounts for only 0.5% of the total
area analysed. The percentage of natural and semi-natural areas is a minority (0.41% of the
study area), as are urban green areas (0.09%). Concerning the total urban area of the city of
Santander, the percentage of urban green areas is only 4.7%, being the remaining 95.30%
built-up and impervious areas, while regarding the total artificialized area, the percentage
of green spaces is only 2.95%.

Although the bay area includes a site of community importance (SCI) located on the
eastern shore, called ES 1300005 Dunas del Puntal and Estuario del Miera [45], and a special
protection area for birds (Isla de Mouro) [46], both included in the Natura 2000 Network,
the bay is surrounded by a wide range of anthropogenic activities, with consequent effects
on the bay’s ecosystem.

The study area must cope with several risks affecting both the physical, natural and
socio-economic environment. The Bay of Santander has suffered for decades from the high
levels of pollution generated in the inner part of the bay from the predominant industrial
activities. At present, despite a decrease in pollution levels as a result of the ceasing of
some of these activities, there are still many problems that require management. The most
relevant issues are the control of ballast water from ships that frequent the bay, which is
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one of the main sources of invasive species, and pollution derived from the use of heavy
hydrocarbons in navigation [43].

For the identification of the environmental units with an influence on the study area,
the area of the Bay of Santander has been considered. This area includes environmental
units identified as ecosystem services” providing elements capable of providing the popu-
lation with resources are broadleaved forests, heathlands, and areas of sparse vegetation;
crop fields and areas used for agriculture; coastal ecosystems: beaches, dunes and cliffs;
wetlands and estuaries; meadows and pastures.

From an environmental perspective, the bay and its surroundings are an important
source of resources and ecosystem services, both for supporting, provisioning, regulating
and cultural services (Tables 1 and 2). Among the provisioning services, the bay stands out
as a habitat for a multitude of edible species: fish, shellfish, crustaceans that not only serve
as food for humans but also other fish and poultry species. Conversely, grasslands and
pastures are the main sources of food for livestock species, from which food for human
consumption such as dairy or meat products are obtained. In addition, animal materials
such as leather and wool are obtained from livestock farming. Meanwhile, the main
purpose of croplands (predominantly small agricultural areas scattered throughout the
territory, such as orchards, nurseries, and intensive crops [47] is to supply food through the
priority cultivation of vegetables and fruit. In terms of regulating services, the environment
of the Bay of Santander has the potential to contribute to the city’s climate regulation,
as large bodies of water such as wetlands and estuaries are important carbon sinks, as
well as the surrounding vegetation that contributes to carbon sequestration and storage.
Consequently, these ecosystems offer the capacity to absorb atmospheric pollutants, leading
to an improvement in air quality. Forests, heathland, and grasslands present in the area
allow the regulation of the hydrological cycle, favouring water infiltration and the recharge
and maintenance of aquifers, while favouring evapotranspiration, preventing soil erosion,
and playing a fundamental role in the prevention of flooding caused by extreme weather
events. Forests, grasslands, and riparian vegetation, as well as the crops present in the
study area, play an essential role as food for pollinating species, providing an optimal
environment for the promotion of pollination. It is also worth highlighting the function of
the ecosystems around the bay as a habitat for a wide variety of animal and plant species.
The ecosystems present also have a high value in terms of the cultural services they offer,
not only due to the high landscape value of places such as the Bay of Santander itself, the
beaches of El Sardinero, the Menor and Mayor capes, or the peninsula of La Magdalena,
among others, but also for the potential recreational use of these natural areas.

Table 1. Ecosystems present in the study area and its associated ecosystem services (based on [43]).

Forests and Croplands Coastal Inland Waters, Wetlands Grasslands
Heathland P Ecosystems and Estuaries and Pastures
Food X X X X X
Materials X X X
Extreme events X X X
Air quality X X X X X
Water purification X X X X
Climate regulation X X X X
Hydrological cycle X X X X X
management
BioControl X X X X X
Pollination X X X
Recreational use X X X X X
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Table 2. Green Infrastructure present in the study area and its associated ecosystem services (based on [43]).

Green Urban Areas SUDS Urban Gardens Green Corridors

Food X

Materials X
Extreme events X X X
Air quality X X X
Water purification X X X X
Climate regulation X X X X
Hydrological cycle X X X X

management

BioControl X X X X
Pollination X X X X
Recreational use X X X

2.3. Dynamic Modelling

System dynamics (SD) is a well-established system simulation methodology intro-
duced by Jay Forrester in the 1960s, aimed at understanding, visualising, and analysing
complex dynamic feedback systems [48]. Through SD, it is possible to analyse a set of
cause-effect relationships between the different factors involved in the system and, through
computer simulation, to perform a quantitative analysis of the structure of the information
feedback system and the dynamic relationship between the variables and the behaviour of
the system [25].

In a system dynamics analysis, it is essential to understand the interactions among
many related social, economic, environmental, managerial, regulatory and lifestyle fac-
tors [24]. The difficulty of these interactions lies both in their simultaneous effect on various
components of the system, and in their temporal variation. System dynamics is considered
a useful tool for predicting and analysing the outcomes that result from the interactions
between system components, and for analysing the implications of policy implementation.

2.3.1. System Dynamics Modelling of Santander

The SD model of Santander and the Bay Area comprises five main systems that
constitute the principal dimensions involved in urban dynamics (Figure 2). Each of
these systems and the set of variables and relationships that constitute them are shown
individually below.

The main logic of the model is represented in Figure 3. This figure represents the
casual loop for the main systems of the model. An increase on population translates into
an increase on emissions and waste production, which implies a reduction of population
by the increase of diseases. On the contrary, better and more ecosystems implies a better
environment for the population. Investment on green infrastructure and policies translate
into a reduction of pollutants and waste, and an increase of ecosystems, which derives
into an increase of GDP (via more ecosystem services), which can be assumed to be a good
indicator for population quality of life.

Population System

The population of the study area is modelled through a level variable that represents
the balance between the flows of births and deaths in the city, dependent on the respective
birth and death rates. Moreover, since the population dynamics of a city are dependent
on multiple variables which, in turn, depend on other factors, a wide number of auxiliary
variables with an effect on the temporal behaviour of the population in the study area and
vice versa has been included.

As shown in Figure 4, the mortality rate is related to the morbidity rate, and this de-
pends on the sedentary-related disease rate (linked with the disposal of natural spaces) and
on the pollution-related disease rate (linked with the pollutant emissions balance). More-
over, the population balance is also affected by the residential stock of change, dependent
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on the risk of poverty rate, being this variable inversely proportional to the employment
rate of the city.

System Dynamics economic modellingof the ci

SD Model of Santander Ecosystem Restoration and Gl InvestmentStrategies> Simulation
Ecosystems scenarios

Forestsand heathland Croplands Coastal e stems N .
Population e : o Scenario 0: Non-action

\ oflife )
Pollution Ecosystems
u and EE.SS.
Ecosystem
Services
[
[ Food ] Extreme events | || Recreational

Climate regulation
Air quality

\Water purification

Scenario 1:

* Investment of a GDP’s 2% annuallyin
EcologycalRestoration and Green and
Blue Infraestructure

Scenario 2:

* Investment of a GDP’s 2% annuallyin
EcologycalRestoration and Green and
Blue Infraestructure

* Environmental and Socio-Economic
Policiesimplementation: emissions

Graen & Blue Infraestructure control, waste management, transport
1t Cultural Urban Gardens SuDs

[ Provisioning |

policies employment policies etc.

I

Comparison betweenscenarios
l Profitabilityanalysis

Water cycle management

Biodiversity and BioControl

Fubhte:

Pollination et =T naturalwalki

Figure 2. Schematic diagram of the steps in the methodology followed in this study. It illustrates the main components
of the SD model of the city of Santander and emphasizes the principal ecosystems and GI elements present in the study
area to consider in the modelling process. It also states the different scenarios simulated representative of the investment
strategies considered, and the following comparison and analysis of the profitability of the investment and policies proposed

== ‘\\
+ Ecosystems

Services
Population \_/ Ecosystems
e N\ +
= ©:
- AU Pollutants” O\
Waste Investment in

Emissions
Green Infrastructures
and Policies

(own elaboration).

Figure 3. Casual loop diagram of the main model systems (own elaboration).
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Unenployment rate

Vs ﬁiEC()S)r'st01ll
Unemplqyed Employment rate area>
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Working rate Employed
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population acoustic pollution Infraestructure>

x Sedentary rate
Population densit?\ Sedentary / \

(Dt#’ Population #’Q population
/—> Births DeathS\ Sedentary-related
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Birth rate . "_\
Initial population Moralty e Morbidity/rate
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<Employment Risk of poverty disease rate
rate> {
t
T— rate <Pollutant emissions
balance>

Figure 4. Population system (own elaboration).

Pollution System

As a fundamental part of the model, it was considered essential to analyse the effects
of pollution on the development of the city’s ecosystems, population, and economy. The
main sources of pollution in cities have been considered to be the balance of pollutant
emissions and, conversely, uncontrolled waste dumping. Each of these sources of pollution
has been represented as an individual system by Forrester diagrams (Figure 5).

Emissions per Vel <Q1‘0011 & Blue <Ecosystem area>
vehicle ehicles Infraestructure> \ /
Emissions per Absorption rate
capita
<Population> Pollut%n%a emissions

\ Pollutant emission a‘ e ollutant emission

generation Initial emissions absorption

<Population>
Waste generation
o . Waste
percapt Initialgvaste management rate
Waste balance 2
: Waste
Waste generation
g \}»management
Uncontrolled
discharged
Discharged rate

Figure 5. Pollution system (own elaboration).
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Ecosystem natural
growth rate

Investment

Pollution generation depends on emissions per capita and emissions per vehicle.
This distinction has been made according to the source of emissions to be able to analyse
afterwards the effects of, for example, the reduction of transport by private cars. Conversely,
the absorption of pollution depends on the absorption rate of the system, depending, in
turn, on the absorption capacity of ecosystems present in the area.

The balance of greenhouse gas pollutant emissions is represented as tonnes of CO,
equivalent, based on data from the Air Emissions Accounts [49]. Nevertheless, the total
emissions accounted for are made up of different types of pollutants such as nitrogen
oxides (NOy), sulphur oxides (SOx), methane (CHy), PM2.5 and PM10 particles, volatile
organic compounds (VOC), carbon dioxide (CO5), etc.

The pollution resulting from the production and dumping of waste has been modelled
based on a level variable, waste pollution, which receives the flow coming from the
generation of waste, calculated as the waste per capita per population of the study area,
of which a part is destined to waste management, determined by the waste treatment
rate, and another part is made up of uncontrolled dumping into the environment, which
depends on the dumping rate.

Area Distribution System

A system has been developed that establishes the relationships between the areas
occupied by ecosystems, green and blue infrastructure, impervious surface, and free surface
(Figure 6). Each of these surface typologies is modelled as level variables, which receive
inflows or outflows that imply a growth in the surface area occupied by each one, or its
degradation or transformation into another typology. These transformations are governed
by the respective rates of degradation, impermeabilization, etc., which in turn, depend on
other systems participating in the model, such as pollution levels, population, etc.

Ld
. Regeners ion: Free

area to Eflosystems

/V

Conersion rate
Inic free area FA to GI
a4
Free area =4 )/
Y
A ) Convergion FA Conveﬁiion FA
Conersion rate IA to|(GI Investment in GI

to FA

Conversion rate

Inic eco area

Pollution factor

rate

<Pollutant
emissions balance>

»_o Conversion IA Impervious area I 1A to GI
T to FA Mmpervious are Y1
Convefgion IA
\ to|(GI
Inic imp area
' L4 1P ' Inic GI area
Ecosysts /_\Begr;ﬁ_ation ‘
osystem : <z G & Blu
area Ecosystem to Free area Degrédation: Heat Island Effect Injr"rileer;trucmrz
Ecosystems to Te eg ture
Impervious area mpera
regulation
D ti 1t Impermeabilization .
egradation rate mp: e Thermic
/ regulation rate
Erosion rate Discharged - i
<Population>
factor rate
<Waste

balance>

Figure 6. Areas distribution system (own elaboration).

Ecosystems and Ecosystem Services System

The area of ecosystems shown in the Forrester diagram of area distribution can be
subdivided according to the type of ecosystem it occupies in forests and shrublands,
crops, coastal ecosystems, inland waters, wetlands and estuaries, and grasslands and
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Coastal \“A“m\ > Water purification® NS v
ecosystems W‘?@“ \\\,/‘
Climate regulati

pastures (Figure 7). The area occupied by green and blue infrastructure is also classified
into the following categories: sustainable urban drainage systems; urban gardens and
community green spaces; urban green areas; and green corridors. Having defined the
types of ecosystems and green infrastructure present in the study area and identified the
ecosystem services they provide, they have been included in the model using auxiliary
variables and parameters that represent the estimated economic value of the ecosystem
service per surface area per month, for each of them, according to the database “The TEEB
Valuation Database” drawn up by Van del Ploeg and de Goot [50].

Food “4— Green & Blue
Infraestructure

X\ A\‘\) QN <
SRR T, e 25 NN

\Biodiversity and
BioControl

Figure 7. Ecosystems and ecosystem services system (own elaboration).

Economy System

Finally, the economic dimension, represented by the gross domestic product variable,
is introduced into the model (Figure 8). To model the influence of nature-based solutions
on the city’s economy; a set of relationships have been established that simulate the effect
of the variation of the surface area occupied by ecosystems in the city and its effect on the
generation of ecosystem services and, finally, quantify the contribution of these services to
the city’s economy, that is, to its GDP. Thus, we would be considering a GDP understood
as a welfare function, in other words, a GDP adjusted by the economic contribution of
ecosystem services.

The economic welfare indicator, as shown in the following equation:

GDP adjusted = GDP per capita x population + ecosystem services,

is calculated from the computation of direct GDP, and the economic benefits and savings
derived from ecosystem services for families, quantified monetarily based on the values
estimated by Van del Ploeg and de Groot [50].

Additionally, a direct relationship between GDP per capita and the employment rate
has been considered, such that an interdependence is established between the variation
in employability as a consequence of investments in nature-based solutions and the im-
plementation of employment policies, and their repercussion on the per capita income of
citizens.
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<Employment
rate>

<Population>

\\—S]fadjusted <Materials> - Water
<Food> " purfication>

Furthermore, the monetary quantification of the savings for families in the production
of certain ecosystem services has been reflected in the variable “expenditures per capita”,
which simulates, for example, the reduction in household food expenditure because of
an increase in local food production, which would reduce the costs of acquiring the
product, or the own cultivation in urban gardens, which would reduce this cost completely
for certain products. Other considerations include energy savings in heating and air-
conditioning due to the increased climate regulation capacity provided by ecosystems and
green infrastructures.

Expenditure on housing,
) A/ energy, water per cap
Expenditures per
capita

Food expenditures

per cap
GDP per capita

<Polinization> \ & '/‘/\ ir quality>

<Extreme events>—— g ECOSYystem ¢ <Water cycle
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<Climate
regulation>

<Biodiversity and
BioControl>

<Recreational

<Green & Blue
Infraestructure>  <Ecosystem

use>
area>

Figure 8. Economic system (own elaboration).

2.3.2. Investment and Policy Implementation Proposals

The investment and policy implementation proposals to be simulated in the alternative
scenarios to the base case, and whose feasibility and cost-effectiveness—economically and
in terms of quality of life—are to be analysed, as follows. First, according to the United
Nations Environment Programme [51], “a green investment of just 2% of global GDP would
be able to generate as much long-term growth in the period 2011-2050 as would occur
under an optimistic business-as-usual scenario while reducing the negative impacts of
climate change, water scarcity and the loss of ecosystems and their services”. Therefore, it
is considered to invest 1% of Santander’s GDP per year in the regeneration of the city’s
ecosystems and 1% in the implementation of green and blue infrastructure.

In terms of environmental policies, a 55% reduction of pollutant emissions into the
atmosphere has been established considering the objective of reducing CO, emissions by
40-70% by 2050 set by the United Nations Environment Programme [51]. Conversely, to
reduce pollution and the degradation of existing ecosystems due to uncontrolled waste
dumping, it is established that 100% of the waste generated is treated.

Concerning policies related to transport and mobility, EU common policy principles
based on the pursuit of the “sustainable mobility” model have been considered, particularly
in the context of the sector’s growing green house gas (GHG) emissions, which constitute
a threat to climate objectives. A 36% reduction in CO, emissions from cars is therefore
established.

Finally, employment promotion policies have been established, increasing the em-
ployment rate by 10%, as an additional measure to the previous ones in the framework
of goal number 8 of the 2030 Agenda for Sustainable Development “Decent work and
economic growth”.
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2.3.3. Scenario Definition

To analyse different strategies and policies, three scenarios have been defined to be
simulated within the model.

Scenario 0: The main assumption is zero investment in the regeneration and conserva-
tion of ecosystems and in the development and implementation of green infrastructure.
This scenario represents the most unfavourable situation, and the consequences are likely
to be negative for the system.

Scenario 1: This second scenario assumes an investment in the restoration and conser-
vation of ecosystems and the promotion of green and blue infrastructure in the study area.
An investment of 2% of Santander’s GDP has been considered (following [51]), both in the
regeneration of ecosystems and in the design and implementation of green infrastructure to
create a resilient city capable of coping with the effects of climate change. For this purpose,
the variables “investment in GI” and “investment in ecosystem restoration” have been
introduced in the model.

Scenario 2: In the third simulation scenario, the effects of the application of a set of
policies or measures affecting some of the fundamental parameters in the sustainable de-
velopment of a city have been implemented into the system, together with the investments
established in the previous scenario. The policies implemented are:

e  Emission reduction policies: a constant reduction of 55% during the period of study
has been considered, based on the UN’s [51], proposed target for the reduction of CO2
emissions by 40-70% between 2010 and 2050, aiming to be zero by 2070.

e  Waste management policies: uncontrolled landfills: in order to reduce pollution
from uncontrolled dumping of waste that is highly harmful to ecosystems, especially
to bodies of water, the modifications to the simulation will consider a scenario in
which 100% of the waste generated is treated, eliminating uncontrolled dumping into
the environment.

e  Employment policies: an increase of 10% of the employment rate is simulated, accord-
ing to the eighth goal of the 2030 Agenda for Sustainable Development is “Decent
work and economic growth”.

e Transport management policies: The number of vehicles has been reduced in a 25%,
simulating the effects of pedestrianisation and other policies of this kind. Conversely,
emissions derived from traffic have also been reduced in a 36%, according to the
European Union’s common transport policy [52].

2.3.4. Parameter Calibration and Validation

The main purpose of model calibration is to adapt the economic model of the city of
Santander to the reality to be simulated, by adjusting the values of the different parameters,
either by using real data or by using optimisation techniques (commonly used in empirical
models). The values taken by the parameters and variables of the model after the calibration
process must be consistent such that the model not only has a predictive value of reality
for the set of data used in the calibration but also has an explicative capacity and the
application of the model can be extrapolated to other scenarios. In addition, a validation
process must be also carried out to verify that the model can be used to predict the future
values of the parameters. Complementary, carrying out a sensibility analysis of the model
parameters it is possible to assess the influence of the variation of certain parameters on
the fundamental variables (i.e., the influence of a £1% in the pollutant emissions in the
GDP) and, therefore, to verify that the calibration of the model is satisfactory.

For the calibration of the population system, real data provided by the ICANE [53] for
the 2000-2020 period has been used. The variables used includes total population, birth
rates, mortality rate, population at risk of poverty rate and employment rate.

The active, unemployed, and employed population average values were calculated
from the data provided by the INE [54]. It has been considered that sedentary lifestyles
influence the evolution of labour activity, such that, with the increase in the sedentary popu-
lation, the employment rate decreases, and the unemployment rate increases proportionally.
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For the sick population, the values used to calibrate ratios are based on data provided
in the 2017 INE Hospital Morbidity Survey [55], considering that 20% of the main diagnoses
are related to a sedentary lifestyle.

According to the Spanish National Health Survey [56] the sedentary population as a
percentage of the total population is 44%. It has been considered that a greater availability
of surface area occupied by ecosystems, natural areas and green and blue infrastructure
can reduce this figure by up to half.

The representative pollution system has been calibrated based on emissions and
waste generation data provided by the Air Emissions Account of the INE [57]. Emissions
generated per capita and per vehicle have been distinguished for modelling separately,
such that the influence of reduced vehicle use as a consequence of the implementation of
transport policies, or the creation of green corridors can be taken into account.

For the modelling of waste pollution, waste per capita has been obtained from statis-
tical data on waste collection and treatment provided by INE [58], with a value of 535.1
kg/person/year. It has been considered that 80% of the waste is destined for treatment,
while the remaining percentage is uncontrolled dumping of this waste, which has been
related to the implemented waste management policies.

The system modelling the different surface categories of the study area has been
calibrated according to the initial area occupied by each category, which was defined based
on data provided by CORINE Land Cover 2018 [44].

The erosion rate has been established considering that, according to the National
Inventory of soil erosion [59], the erodible surface constitutes 96.16% of the surface area of
Cantabria. If we disregard the percentage of area susceptible to zero erosion, and extrap-
olating this calculation to the study area, we could consider that the area of ecosystems
susceptible to erosion in Santander is 91.91%, this being reduced by the erosion prevention
effect exerted by the restoration and conservation of certain ecosystems.

The average GDP per capita in the municipality of Santander, calculated from data
provided by the ICANE [60], is EUR 15,717.44 per person. A direct dependence between
GDP per capita and the employment rate has been considered. The values for annual per
capita expenditure have been obtained from the Household Budget Survey (HBS) data [61].
These data are EUR 3829.54/person for expenditure on housing, energy, and water and
EUR 1,785.44 /person for food, considering the average of the values for the time period
2006-2019. The 10% of expenditure on housing, energy and water has been found to
vary inversely with the ecosystem services “climate regulation”, “water purification” and
“management of the hydrological cycle”.

Validation Results

Once the model has been calibrated, the reliability of the results obtained from the
comparison of the demographic evolution in the modelled study area with the future
projections (up to the year 2039) for the population of the municipality of Santander has
been checked [62]. Figure 9 shows the results obtained in the model for the evolution of
the population, influenced by the rest of the parameters involved in the simulation. It
shows that population is satisfactorily adjusted to these predictions, with both showing a
decreasing trend, and errors being less than 10%.
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Figure 9. Comparison of the results of the model calibration and the population forecast offered by ICANE [62]

(own elaboration).

3. Results and Discussion

This section presents the results derived from the developed model. First, the results
are presented and discussed, and second, an economic assessment (based on GDP estimates)
to assess the profitability of implementing nature-based solutions is provided.

3.1. Comparison between Scenarios

The results obtained from the model are presented for the three simulation scenarios
previously described representative of the different actions in terms of investment and
implementation of economic, environmental, and social policies. The results obtained are
represented in graphs showing the evolution of the main variables of the model, within the
established time frame.

3.1.1. Distribution of Surface Areas

First, representative graphs of the distribution of the surfaces of the study area are
shown, in which the progression of the different surfaces can be seen.

As shown in Figure 10a, ecosystems, which presented a strong degradation in Scenario
0, soften their tendency to disappear through the annual investment of 2% of GDP in their
restoration, and it is for Scenario 2, with the addition of a set of environmental policies,
when their tendency becomes positive, experiencing a slight growth towards the year
2050. The evolution of the free surface area is complementary to that of the ecosystems,
which means that part of this free surface area becomes part of the ecosystems through the
proposed interventions. Conversely, the impervious surface (Figure 10.b), which undergoes
a significant expansion in the base case, becomes relatively constant through investment
in green and blue infrastructure, and for Scenario 2, it decreases, being replaced by urban
green infrastructure (Figure 11).
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Figure 10. (a) Results of the modelling of the ecosystem area for the three scenarios; (b) results of the modelling of the
imperious area for the three scenarios, in the period 2000-2050.
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Figure 11. (a) Results of the modelling of the free area for the three scenarios; (b) results of the modelling of the green and
blue infrastructure for the three scenarios, in the period 2000-2050.

3.1.2. Population

Demographic changes in the population are more pronounced for Scenario 2 compared
to the previous ones. In this case, births increase due to the influence of employment
policies, assuming a 10% increase in the employment rate in the study area (Figure 12).
Mortalities, in contrast, are below their previous levels, due to the decrease in the hospital
morbidity rate as a result of the drastic reduction in air pollution and its associated diseases,

due to the emission control policies established.

3.1.3. Ecosystem Services

The evolution of the production of ecosystem services shows a parallel progression to
that of the ecosystems in the study area, highlighting its evident strong dependence on the
latter (Figure 13). Only in Scenario 2, through the investment in ecosystem restoration and
green and blue infrastructure, an increase in the generation of these services is possible.
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Figure 12. Population evolution for the three scenarios simulated over the period 2000-2500.
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Figure 13. Ecosystem services evolution for the three simulated scenarios over the period 2000-2050.

3.1.4. Economic System

The repercussions of the implementation of policies at various levels in this simulation
on the main economic indicators (GDP and GDP per capita) are a much steeper down-
ward curve for the progression of adjusted GDP between 2000-2050, due to the economic
contribution to Santander of the production of ecosystem services (Figure 14).

3.1.5. Pollution

Pollution levels due to greenhouse gases emissions show a decrease compared to the
baseline scenario due to the increase in the absorption capacity of ecosystems
(Figure 15). However, it is in Scenario 2, due to the implementation of environmental
policies to reduce emissions, that the drastic reduction in atmospheric pollution, trending
towards zero, means that the trend in the rate of degradation of ecosystems is reversed
towards a decreasing trend.
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Figure 14. (a) Graphic results of the modelling of the adjusted GDP; (b) results of the modelling of the GDP per capita, in

the period 2000-2050.
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Figure 15. (a) Graphic results of the modelling of the pollutant emissions; (b) graphic results of the modelling of the

ecosystems’ degradation rate, in the period 2000-2050.

3.1.6. Quality-of-Life Indicators

Concerning the quality-of-life indicators, the graphs presenting the dimensions related
to this study, and set out in the Stiglitz-Sen—Fitoussi report, are presented. As an indicator
of the material living conditions dimension, first, the evolution of the rate of the population
at risk of poverty has been modelled (Figure 16a), which in Scenario 0 experiences exponen-
tial growth up to 2050, while investment in Scenario 1 manages to stabilise this growth and,
in Scenario 2, due to the complementary action of investment and the policies implemented,
it is possible to obtain lower values for this rate and a decreasing trend. Conversely, as it is
shown in Figure 16b the variable “expenditure per capita”, which represents the savings
that the production of certain ecosystem services represents in household expenditure
in Santander, shows an upward trend in the non-action scenario, while its evolution is
parallel to that of ecosystem services in the other scenarios, i.e., the higher the produc-
tion of ecosystem services such as food supply or climate regulation capacity, the lower
the expense.
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Figure 16. (a) Progression of the risk of poverty rate; (b) graphic representation of the results of the evolution of the
expenditure per capita for the three simulated scenarios in the period 2000-2050.

Regarding the dimension related to the health state of the population the model pro-
vides a graph of the sick population in which can be observed (Figure 17a) how, compared
to the growing trend of Scenario 0, investment in ecosystems and green infrastructure
implies a decrease in the rate of hospital morbidity (Figure 17b) caused fundamentally by
the decrease in the rate of illness due to sedentary habits as a result of the change in the
lifestyle of the population due to the availability of more natural spaces which promote
physical activity; and, conversely, due to the decrease in the rate of pollution-related ill-
nesses (Figure 18), as a result of the reduction in emissions of certain polluting substances
into the atmosphere, such as SSs, NOx, SOx, etc. For Scenario 2, the complementarity of
the proposed investment with the set of environmental policies on emissions reduction is a
key factor in improving the health status of the inhabitants of the study area.
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Figure 17. (a) Graphic representation of the evolution of sick population; (b) graphic results of the evolution of the morbidity
rate for the three cases of study, in the period 2000-2050.
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Figure 18. (a) Graphic representation of the progression of the pollution-related disease rate; (b) graphic representation of
the sedentary-related disease rate for the three cases of study modelled, in the period 2000-2050.

The dimension related to leisure and social relations is represented in this model
through the variable corresponding to the ecosystem service “recreational use”, which
shows, as it can be seen in Figure 19, the evolution for the different scenarios, parallel
to that undergone by the ecosystems. For Scenario 2, the spaces allocated to the social
and recreational activities of ecosystems and green infrastructures undergo a positive
progression, bringing an increased economic benefit to the city.
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Figure 19. The progression of the ecosystem service “recreational use” for the three simulated

scenarios over the period 2000-2050.

In terms of the quality-of-life indicators relating to the surroundings and the envi-
ronment, the following results are obtained. The rate of noise pollution is reduced due to
investment in ecosystem restoration and the incorporation of green infrastructures in the
city, which act as natural barriers to acoustic pollution, but it is in Scenario 2, in conjunction
with transport policies that reduce the noise pollution emitted by vehicle traffic, that this
rate shows a downward trend. The heat island effect (Figure 20b) in the city of Santander
shows a similar progression to the evolution of the impervious surface and is dependent on
the heat regulation capacity of the city due to the implementation of green infrastructure
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percentage

and the presence of ecosystems, achieving a reduction, by the year 2050, of up to half the
value predicted for the most unfavourable scenario.
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Figure 20. (a) Graphic representation of the noise disturbance rate; (b) graphic representation of the results of the modelling
of the heat island effect for the cases of study, in the period 2000-2050.

3.2. Economic Assessment

The following tables show the numerical values of investments and adjusted GDP
for different years within the study period 2000-2050 for scenarios 1 and 2, provided by
VENSIM for each simulation.

Tables 3 and 4 show the investment in green infrastructures and policies and its effect
on Santander’s GDP compared to a base case (Scenario 0), for different years within the
study period. With minor investments (less than EUR 35 million per year), the increase of
GDP is relevant. These results show that EUR 1 spent as green infrastructure and policies
translates into EUR 100 increase in GDP during all the period considered.

Table 3. Numerical results of investment values and adjusted GDP variation for Scenario 1.

2010 2020 2030 2040 2050
Investment (EUR mill.) 35.03 33.00 30.77 28.38 25.89
GDP (EUR mill.) 3503.01 3300.23 3077.48 2838.98 2589.35

Table 4. Numerical results of investment values and adjusted GDP variation for Scenario 2.

2010 2020 2030 2040 2050
Investment (EUR mill.) 35.51 34.14 32.78 31.46 30.19
GDP (EUR mill.) 3551.24 3414.10 3278.43 3146.13 3019.27

From the results shown in Table 5, based on the non-action scenario, the investment of
an annual 2% of Santander’s GDP in ecosystem restoration and green infrastructure implies
an increase in GDP by 2050 of 13.24%, whereas, for Scenario 2, the complementation of the
investment with the set of environmental and socio-economic policies implies an increase
in adjusted GDP of 32.04%.

Based on these results, and the assumptions considered in the modelling, the cost-
effectiveness of the investment and policies implemented can be considered to be favourable.
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Table 5. Percentages of the increase in adjusted GDP as a result of the actions carried out in each
simulation scenario.

2010 2020 2030 2040 2050
Case 0—Case 1 2.13 4.53 7.18 10.08 13.24
Case 0—-Case 2 3.54 8.14 14.18 21.99 32.04
Case 1-Case 2 1.38 3.45 6.53 10.82 16.60

4. Conclusions

The model presented in this work exemplifies the feasibility of representing, by means
of an SD model, the complex dynamics of a region as Santander Bay, covering economic,
social, and environmental spheres. The results obtained from this work allow visualising
the complex feed-back mechanisms connecting direct income factors with quality of life
through environmental and health drivers.

Nevertheless, as quantitative and qualitative limitations have emerged in the calibra-
tion process, that may limit the exploitation of the model for further analysis, additional
research is required to improve the accuracy of the parameters.

The model itself can greatly benefit from the extensive review of variables interaction
and their inherent degrees of freedom. This approach may result, not only in results that
are more accurate, but also on a more general model, applicable to different scenarios
and study sites. The precise quantification of the phenomena can greatly benefit from
additional fieldwork, but at the present state, the consistent analysis developed for the
alternatives allow understanding the existing mechanisms may drive the evolution.

Finally, it is concluded that, under the assumptions considered in the modelling and
its calibration and derived from the results obtained for the three simulation scenarios,
conservation and regeneration of ecosystems and green and blue infrastructure, and the
implementation of environmental and socio-economic policies, is economically, environ-
mentally, and socially profitable. Results show that EUR 1 spent in these policies and
projects could produce up to EUR 100 as a benefit provided as an increase in GDP. The
annual investment of 2% of Santander’s GDP leads to the progress of the local economy in
up to 32%, while resulting in an improvement in the quality of life of the inhabitants of the
study area.

Although these results are limited by the constraints defined above, this study shows
that SD models are a tool to be considered by government managers to analyse their actions
and policies. In this sense, SD models allow to analyse potential actions from a multiple
point of view (economic, social, environmental) considering the different systems that
share the city (population, economy, ecosystems, etc.). Moreover, the model can be easily
transfer to a different urban area where the fieldwork may help to characterise the problems
associated to the site.

The main advantage of SD models over other tools currently being considered for the
socioeconomic analysis of actions and policies is that they allow for the incorporation of
the behaviour of different systems and their interactions, analysing in a more complete
way, the effects of actions and policies on each of them.

The application shown in this study shows that SD models cannot only have a place
in the management of urban areas, but it also raises possibilities for use in other areas and
current risks. For example, the use of dynamic systems can also be considered as a good
option for the analysis of climate change adaptation actions in areas that may be at risk.

Author Contributions: Conceptualization and methodology, S.T.-O. and P.D.-S.; formal analysis,
and investigation, E.B.-C.; writing—original draft preparation, E.B.-C.; writing—review and editing,
E.B.-C., S.T-O. and PD.-S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Spanish Ministry of Science and Innovation through the grant
RISKOADAPT (BIA 2017-89401-R).

Institutional Review Board Statement: Not applicable.



Int. J. Environ. Res. Public Health 2021, 18, 10994 22 of 24

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. United Nations. World Urbanization Prospects. The 2011 Revision; Department of Economic and Social Affairs/Population Division,
United Nations: New York, NY, USA, 2012.

2. Zhang, X. Sustainable Urbanization: A Bi-Dimensional Matrix Model. J. Clean. Prod. 2016, 134, 425-433. [CrossRef]

3. Li, F; Wang, R.S.; Zhao, D. Urban Ecological Infrastructure Based on Ecosystem Services: Status, Problems and Perspectives. Acta
Ecol. Sin. 2014, 34, 190-200.

4. Wang, RS;; Li, E; Han, B.L.; Huang, H.P; Yin, K. Urban Eco-Complex and Ecospace Managment. Acta Ecol. Sin. 2014, 34, 1-11.
[CrossRef]

5. Seto, K.C,; Fragkias, M.; Giineralp, B.; Reilly, M.K. A Meta-Analysis of Global Urban Land Expansion. Urban Land Expans. 2011,
6,€23777. [CrossRef]

6. Elmgqvist, T.; Setédld, H.; Handel, S.N.; Van der Ploeg, S.; Aronson, ].; Blignaut, ] N.; Gémez-Baggethun, E.; Nowak, D.J;
Kronenberg, J.; de Groot, R. Benefits of Restoring Ecosystem Services in Urban Areas. Curr. Opin. Environ. Sustain. 2015, 14,
101-108. [CrossRef]

7.  Steffen, W.; Richardson, K.; Rockstrém, J.; Cornell, S.E.; Fetzer, I.; Bennett, E.M.; Biggs, R.; Carpenter, S.R.; de Vries, W.;
de Witt, C.A,; et al. Planetary Boundaries: Guiding Human Development on a Changing Planet. Science 2015, 347, 1259855.
[CrossRef]

8. Maes, J.; Jacobs, S. Nature-Based Solutions for Europe’s Sustainable Development. Conserv. Lett. 2015, 10, 121-124. [CrossRef]

9.  World Economic Forum. Global Risk Report, 15th ed.; World Economic Forum: Geneva, Switzerland, 2020; pp. 11-17.

10. WWE Living Planet Report—2018: Aiming Higher; Grooten, M., Almond, R.E.A., Eds.; WWF: Gland, Switzerland, 2018.

11. Secretariat of the Convention on Biological Diversity. Global Biodiversity Outlook 4; Secretariat of the Convention on Biological
Diversity: Montréal, QC, Canada, 2014; p. 155.

12.  Millennium Ecosystem Assessment. Ecosystems and Human Well-Being: Synthesis; Island Press: Washington, DC, USA, 2005;
pp- 39-63.

13. IPBES. Summary for Policymakers of the Global Assessment Report on Biodiversity and Ecosystem Services of the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services; IPBES Secretariat: Bonn, Germany, 2019; p. 56.

14. European Commission. Nature-Based Solutions and Re-Naturing Cities; Final Report. Directorate-General for Research and
Innovation. Climate Action, Environment, Resource Efficiency and Raw Materials; European Commission: Brussels, Belgium,
2015; ISBN 978-92-79-46051-7.

15. European Commission. Building a Green Infrastructure for Europe; European Commission: Brussels, Belgium, 2013.

16. Jim, C.Y.; Chen, W.Y. Assessing the Ecosystem Service of Air Pollutant Removal by Urban Trees in Guangzhou (China). J. Environ.
Manag. 2008, 88, 665-676. [CrossRef] [PubMed]

17.  Society for Ecological Restoration International Science & Policy Working Group. The SER International Primer on Ecological
Restorarion; Society for Ecological Restoration International: Washington, DC, USA, 2004.

18. OECD. Biodiversity: Finance and the Economic and Business Case for Action; OECD Publishing: Paris, France, 2019. [CrossRef]

19. De Groot, R.S.; Blignaut, J.; Van der Ploeg, S.; Aronson, J.; Elmqvist, T.; Farley, J. Benefits of Investing in Ecosystem Restoration.
Conserv. Biol. 2013, 27, 1286-1293. [CrossRef]

20. UNEP. Annual Report of the PRI Initiative; UNEP Division of Communications and Public Information: Nairobi, Kenya, 2011.

21. Society for Ecological Restoration. Investing in Our Ecological Infrastructure; Society for Ecological Restoration International:
Washington, DC, USA; Available online: https://cdn.ymaws.com/www.ser.org/resource/resmgr/custompages/publications/
ser_publications/economic_rationale_for_resto.pdf (accessed on 4 October 2021).

22. Constanza, R.; d’Arge, R.; de Groot, R.S.; Farber, S.; Grasso, M.; Hannon, B.; Limburg, K.; Naeem, S.; O’Neill, R.V.; Paruelo, J.;
et al. The Value of the World’s Ecosystem Services and Natural Capital. Nature 1997, 387, 253-259. [CrossRef]

23. Bolund, P,; Hunhammar, S. Ecosystem Services in Urban Areas. Ecol. Econ. 1999, 29, 293-301. [CrossRef]

24. Guan, D.; Gao, W.; Li, H.; Hokao, K. Modeling and Dynamic Assessment of Urban Economy-Resource-Environment System
with a Coupled System Dynamics—Geographic Information System Model. Ecol. Indic. 2011, 11, 1333-1344. [CrossRef]

25. Feng, Y.Y.; Chen, S.Q.; Zhang, L.X. System Dynamics Modeling for Urban Energy Consumption and CO2 Emissions: A Case
Study of Beijing, China. Ecol. Model. 2013, 252, 44-52. [CrossRef]

26. Shahgholian, K.; Hajihosseini, H. A Dynamic Model of Air Pollution, Health, and Population Growth Using System Dynamics:
A Study on Tehran-Iran (With Computer Simulation by the Software Vensim). Int. J. Comput. Syst. Eng. 2009, 3, 372-379.
[CrossRef]

27.  Sagoff, M. The Quantification and Valuation of Ecosystem Services. Ecol. Econ. 2011, 70, 497-502. [CrossRef]

28. Ghaley, B.B.; Vesterdal, L.; Porter, ].R. Quantification and Valuation of Ecosystem Services in Diverse Production Systems for

Informed Decision-Making. Environ. Sci. Policy 2014, 39, 139-149. [CrossRef]


http://doi.org/10.1016/j.jclepro.2015.08.036
http://doi.org/10.1016/j.chnaes.2013.09.003
http://doi.org/10.1371/journal.pone.0023777
http://doi.org/10.1016/j.cosust.2015.05.001
http://doi.org/10.1126/science.1259855
http://doi.org/10.1111/conl.12216
http://doi.org/10.1016/j.jenvman.2007.03.035
http://www.ncbi.nlm.nih.gov/pubmed/17499909
http://doi.org/10.1787/a3147942-en
http://doi.org/10.1111/cobi.12158
https://cdn.ymaws.com/www.ser.org/resource/resmgr/custompages/publications/ser_publications/economic_rationale_for_resto.pdf
https://cdn.ymaws.com/www.ser.org/resource/resmgr/custompages/publications/ser_publications/economic_rationale_for_resto.pdf
http://doi.org/10.1038/387253a0
http://doi.org/10.1016/S0921-8009(99)00013-0
http://doi.org/10.1016/j.ecolind.2011.02.007
http://doi.org/10.1016/j.ecolmodel.2012.09.008
http://doi.org/10.5281/zenodo.1085609
http://doi.org/10.1016/j.ecolecon.2010.10.006
http://doi.org/10.1016/j.envsci.2013.08.004

Int. J. Environ. Res. Public Health 2021, 18, 10994 23 of 24

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Newton, A.; Brito, A.C.; Icely, ].D.; Derolez, V.; Clara, I.; Angus, S.; Schernewski, G.; Inacio, M.; Lillebo, A.L; Sousa, A.L; et al.
Assessing, Quantifying and Valuing the Ecosystem Services of Coastal Lagoons. J. Nat. Conserv. 2018, 44, 50-65. [CrossRef]
Constanza, R.; Cumberland, ].H.; Daly, H.; Goodland, R.; Norgaard, R.B.; Kubiszewski, I.; Franco, C. An Introduction to Ecological
Economies, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2015; ISBN 978-1-56670-684-1.

Daly, H.; Farley, ]J. Ecological Economics: Principles and Applications, 2nd ed.; Island Press: Washinfton, DC, USA, 2004;
ISBN 978-1-59726-681-9.

Batty, M. Modelling Cities as Dynamic Systems. Nature 1971, 231, 425-428. [CrossRef]

Xu, Z.; Coors, V. Combining system dynamics model, GIS and 3D visualization in sustainability assessment of urban residential
development. Build. Environ. 2012, 47, 272-287. [CrossRef]

Yang, J.; Lei, K.; Khu, S.; Meng, W. Assessment of Water Resources Carrying Capacity for Sustainable Development Based on a
System Dynamics Model: A Case Study of Tieling City, China. Water Resour. Manag. 2015, 29, 885-899. [CrossRef]

Zarghami, M.; Akbariyeh, S. System Dynamics Modeling for Complex Urban Water Systems: Application to the City of Tabriz,
Iran. Resour. Conserv. Recycl. 2012, 60, 99-106. [CrossRef]

Li, J.P; Duan, HM.; Qiu, M. Study on Urban Sustainable Development Based on System Dynamics. Appl. Mech. Mater. 2014,
587-589, 171-175. [CrossRef]

Guo, H.C,; Liu, L.; Huang, G.H.; Fuller, G.A.; Zou, R; Yin, Y.Y. A system dynamics approach for regional environmental planning
and management: A study for the Lake Erhai Basin. J. Environ. Manag. 2001, 61, 93-111. [CrossRef] [PubMed]

Giineralp, B.; Seto, K.C. Environmental Impacts of Urban Growth from an Integrated Dynamic Perspective: A Case Study of
Shenzhen, South China. Glob. Environ. Chang. 2008, 18, 720-735. [CrossRef]

Isee Systems. Technical Document for the IThink and STELLA Software; Isee systems: Lebanon, MO, USA, 2006.

Ayuntamiento de Santander. Plan Estratégico de Santander; Ayuntamiento de Santander: Santander, Spain, 2010.

Ayuntamiento de Santander. Open Data Portal [Website]; Ayuntamiento de Santander: Santander, Spain, 2013. Available online:
http:/ /datos.santander.es/ (accessed on 15 April 2021).

Remoundou, K.; Diaz-Simal, P.; Koundouri, P.; Rulleau, B. Valuing Climate Change Mitigation: A Choice Experiment on a Coastal
and Marine Ecosystem. Ecosyst. Serv. 2015, 11, 87-94. [CrossRef]

Juanes, J.A.; Gémez, A.G.; Rubio, S.; Garcia-Castrillo, G.; Puente, A.; Ondiviela, B.; Medina, R. Santander Bay: Multiuse and
Multiuser Socioecological Space. Reg. Stud. Mar. Sci. 2020, 34, 101034. [CrossRef]

Centro Nacional de Informacion Geografica. Corine Land Cover. 2018. Available online: http://centrodedescargas.cnig.es/
CentroDescargas/catalogo.do?Serie=SIOSE (accessed on 4 September 2020).

Ayuntamiento de Santander. Informe de Impacto Ambiental (Informe de Sostenibilidad Ambiental) [Report]; Ayuntamiento de Santander:
Santander, Spain, 2010.

De Agricultura, M.; Ambiente, A.Y.M. Orden AAA/1260/2014, de 9 de Julio, por la que se Declaran Zonas de Especial Proteccion Para las
Aves en Aguas Marinas Espariolas; Boletin Oficial del Estado: Madrid, Spain, 2014.

Ametzaga, I.; Fernandez de Manuel, B.; Onaindia, M.; Pefia Lopez, L. Servicios de Los Ecosistemas Del Area Metropolitana de La
Bahia de Santander; Catedra Unesco sobre desarrollo sostenible y educacién ambiental de la UPV/EJHU; Fundacién naturaleza y
Hombre: Cantabria, Spain, 2017.

Zhao, W.; Ren, H.; Rotter, V.S. A System Dynamics Model for Evaluating the Alternative of Type in Construction and Demolition
Waste Recycling Center-The Case of Chongqing, China. Resour. Conserv. Recycl. 2011, 55, 933-944. [CrossRef]

Du, L.; Li, X,; Zhao, H.; Ma, W,; Jiang, P. System Dynamic Modeling of Urban Carbon Emissions Based on the Regional National
Economy and Social Development Plan: A Case Study of Shanghai City. J. Clean. Prod. 2018, 172, 1501-1513. [CrossRef]

The TEEB Valuation Database—a Searchable Database 1310 Estimates of Monetary Values of Ecosystem Services. Available online:
http:/ /www.teebweb.org/wp-content/uploads /2017 /03 /teeb_database_teebweb.xlsx (accessed on 21 October 2020).

UN Environment. Global Environment Outlook-GEO-6: Summary for Policymakers; Nairobi; Cambridge University Press: Cambridge,
UK, 2019. [CrossRef]

European Parliament. Regulation (EU) 2019/631 of the European Parliament and of the Council of 17 April 2019 Setting CO2 Emission
Performance Standards for New Passenger Cars and for New Light Commercial Vehicles, and Repealing Regulations; European Parliament:
Brussels, Belgium, 2019.

ICANE. Poblacién por Sexo y Municipio. Available online: https:/ /www.icane.es/data/municipal-register-gender-municipality /
results (accessed on 17 November 2020).

INE. Tasas de Actividad, Paro y Empleo por Provincia y Sexo. Available online: https:/ /www.ine.es/jaxiT3/Datos.htm?t=3996
(accessed on 2 October 2020).

INE. Encuesta de Morbilidad Hospitalaria. 2017. Available online: https://www.ine.es/jaxi/Datos.htm?path=/t15/p414/a2017/
10/ &file=02020.px (accessed on 2 January 2021).

INE. Encuesta Nacional de Salud de Espafa. Available online: https://www.mscbs.gob.es/estadEstudios/estadisticas/sisInfSanSNS/
tablasEstadisticas /InfAnualSNS2018/Cap.3_HabitosVida.pdf#page=18&zoom=100,109,190 (accessed on 24 November 2020).

INE Cuentas de Emisiones a la Atmésfera por Ramas de Actividad (CNAE 2009) y Hogares Como Consumidores Finales,
Sustancias Contaminantes y Periodo. Available online: https://www.ine.es/jaxi/Tabla.htm?tpx=29252&L=0 (accessed on
12 December 2020).


http://doi.org/10.1016/j.jnc.2018.02.009
http://doi.org/10.1038/231425a0
http://doi.org/10.1016/j.buildenv.2011.07.012
http://doi.org/10.1007/s11269-014-0849-y
http://doi.org/10.1016/j.resconrec.2011.11.008
http://doi.org/10.4028/www.scientific.net/AMM.587-589.171
http://doi.org/10.1006/jema.2000.0400
http://www.ncbi.nlm.nih.gov/pubmed/11381461
http://doi.org/10.1016/j.gloenvcha.2008.07.004
http://datos.santander.es/
http://doi.org/10.1016/j.ecoser.2014.11.003
http://doi.org/10.1016/j.rsma.2019.101034
http://centrodedescargas.cnig.es/CentroDescargas/catalogo.do?Serie=SIOSE
http://centrodedescargas.cnig.es/CentroDescargas/catalogo.do?Serie=SIOSE
http://doi.org/10.1016/j.resconrec.2011.04.011
http://doi.org/10.1016/j.jclepro.2017.10.128
http://www.teebweb.org/wp-content/uploads/2017/03/teeb_database_teebweb.xlsx
http://doi.org/10.1017/9781108639217
https://www.icane.es/data/municipal-register-gender-municipality/results
https://www.icane.es/data/municipal-register-gender-municipality/results
https://www.ine.es/jaxiT3/Datos.htm?t=3996
https://www.ine.es/jaxi/Datos.htm?path=/t15/p414/a2017/l0/&file=02020.px
https://www.ine.es/jaxi/Datos.htm?path=/t15/p414/a2017/l0/&file=02020.px
https://www.mscbs.gob.es/estadEstudios/estadisticas/sisInfSanSNS/tablasEstadisticas/InfAnualSNS2018/Cap.3_HabitosVida.pdf#page=18&zoom=100,109,190
https://www.mscbs.gob.es/estadEstudios/estadisticas/sisInfSanSNS/tablasEstadisticas/InfAnualSNS2018/Cap.3_HabitosVida.pdf#page=18&zoom=100,109,190
https://www.ine.es/jaxi/Tabla.htm?tpx=29252&L=0

Int. J. Environ. Res. Public Health 2021, 18, 10994 24 of 24

58.

59.

60.

61.

62.

INE. Estadisticas Sobre Recogida y Tratamiento de Residuos. Residuos Urbanos: Serie 2010-2018. Available online: https:
/ /www.ine.es/jaxi/Datos.htm?path=/t26/e068/p01/serie /10 / &file=02003.px (accessed on 4 November 2020).

Ministerio de Medio Ambiente. Pérdida de Suelo y Superficie Segiin Niveles Erosivos. Available online: https://www.miteco.
gob.es/es/biodiversidad /temas/inventarios-nacionales/toledo_tecm30-512407.pdf (accessed on 14 October 2020).

ICANE. PIB per Capita. Available online: https://www.icane.es/data/sra-base-2010-nace09-gdp-per-capita (accessed on
21 November 2020).

INE. Gasto Total, Gastos Medios y Distribucion del Gasto de los Hogares. Available online: https:/ /www.ine.es/jaxiT3/Tabla.
htm?t=24900 (accessed on 8 January 2021).

ICANE. Proyecciones de Poblacion por Municipios. Available online: https://www.icane.es/c/document_library/get_file?
uuid=d65292fc-083b-405d-90ff-8f2448e4d2c5&groupld=10138#3_1 (accessed on 6 December 2020).


https://www.ine.es/jaxi/Datos.htm?path=/t26/e068/p01/serie/l0/&file=02003.px
https://www.ine.es/jaxi/Datos.htm?path=/t26/e068/p01/serie/l0/&file=02003.px
https://www.miteco.gob.es/es/biodiversidad/temas/inventarios-nacionales/toledo_tcm30-512407.pdf
https://www.miteco.gob.es/es/biodiversidad/temas/inventarios-nacionales/toledo_tcm30-512407.pdf
https://www.icane.es/data/sra-base-2010-nace09-gdp-per-capita
https://www.ine.es/jaxiT3/Tabla.htm?t=24900
https://www.ine.es/jaxiT3/Tabla.htm?t=24900
https://www.icane.es/c/document_library/get_file?uuid=d65292fc-083b-405d-90ff-8f2448e4d2c5&groupId=10138#3_1
https://www.icane.es/c/document_library/get_file?uuid=d65292fc-083b-405d-90ff-8f2448e4d2c5&groupId=10138#3_1

	Introduction 
	Materials and Methods 
	VENSIM Software 
	Study Area 
	Dynamic Modelling 
	System Dynamics Modelling of Santander 
	Investment and Policy Implementation Proposals 
	Scenario Definition 
	Parameter Calibration and Validation 


	Results and Discussion 
	Comparison between Scenarios 
	Distribution of Surface Areas 
	Population 
	Ecosystem Services 
	Economic System 
	Pollution 
	Quality-of-Life Indicators 

	Economic Assessment 

	Conclusions 
	References

