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Abstract: Sustainability is a topic with deep implications, as reflected by the approval of the 2030
Agenda for the sustainable development that has 17 Sustainable Development Goals (SDGs). One of
these SDGs tries to achieve the sustainability of cities, for which we have verified that their resilience
is necessary against natural hazards (NH). For the persistence of NH through time on a world scale,
it is crucial to train expert technicians in the prevention and control of these risks. For this research,
two studies have been made, one focused on research into the training of environmentalists by
means of gamification, and the other to verify the potential of this same tool in the NH analysis
and management. With this work we have been able to verify that the model of city designed
can be an alternative and more sustainable model to the current solutions, also corroborating the
usefulness of simulation in their design and its role in the resilience against NH. On the other hand,
in relation to the teaching of the subject under study, based on the competences studied, this study is
considered successful, demonstrating the utility of gamification and simulations in the formation
of environmentalists.

Keywords: simulations; urban sustainability; natural hazards; gamification; environmental sci-

ences degree

1. Introduction
1.1. Motivation and Concept of the Study

Sustainability is a topic with profound implications, as reflected by the approval of
the 2030 Agenda for the sustainable development established by the United Nations (UN)
in 2015. This agenda has 17 sustainable-development goals (SDGs) that were signed by
all the members of the General Assembly with the overall aim of changing the world [1].
The report Our Common Future, also known as the Brundland Report, presented by the
World Commission on Environment and Development (WCED) of the UN defined sustain-
able development as that which “meets the needs of the present without compromising the
ability of future generations to meet their own needs” [2] (pp. 87-88).

Natural hazards (NH) constitute a conceptual element of far-reaching implications
for their persistence through time on a world scale and for being involved in the concept
of sustainability, both in environmental as well as social terms. Therefore, it is crucial for
the present-day as well as future society to train expert technicians in the prevention and
control of NH.

The SDGs established by the UN as part of their sustainable-development agenda for
the decade 2020-30 include quality education as one of the fundamental goals. We have
worked with this goal contextualized in the training of social agents capable of designing
sustainable cities and planning for as well as managing NH within the sphere of higher
education in the Undergraduate Degree of Environmental Sciences offered at the University
of Granada (Spain).

In further studies [3], the researchers found that in Spanish universities, where good
teaching practices were developed with Information and Communications Technology
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(ICT), most of the these practices refer one of the SDGs, quality education (4° ODS),
and highlight it as the most novel “in line with educational improvement, the SDGs are
beginning to be linked to different educational areas” [3] (p. 2), as we are doing with the
present research in the environmental field. In turn, technology connects with sustainability
in being international and makes it possible for messages and goals to reach any place,
overcoming geographical barriers and thereby exerting an impact on the quality and
sustainability of university education worldwide. For this reason, we have investigated
the potential of certain technological elements which, through gamification [4—6], we have
applied to an experience in relation to the higher training of environmental agents.

Therefore, in our research, we are interrelating three topics of great timeliness and
relevance for social sustainability: higher education through an active methodology with
gamification, urban sustainability, and the impact of the NH in cities, all presented through
a process of scientific simulations.

This case study is part of a research project that can be placed within the Design [7,8],
having the following as connected focal points: the analysis of the effectiveness of the
change in use of a technological-recreational resource through its application to scientific
simulations, as well as university training through gamification and guided research.
Here we present the first cycle of this research, in which we undertake a case study of the
construction of sustainable cities, with simulations produced by the game Cities: Skylines,
which becomes an object of study in order to test its validity as a modelling instrument.

We represent the scope of this Research Project in Figure 1. In this paper, only Study 1
is considered. Its aim is to design a sustainable city and manage natural risks in it, using
simulations. The method employed involves simulations made through a game that we
turn into a serious game. The results indicate that the aforementioned Cities: Skylines game
is valid for carrying out simulations in which the characteristics of a sustainable city can be
studied as well as the impact that the NH managed exert on the city. Study 2 will be the
subject of another publication.

STUDY 2: TRAINING OF ENVIROMENTALIST BY GAMIFICATION

STUDY 1:
SI)IL’Ll\TION

CASE STUDY 1:
Design of a Sustainable City:
energy production, education, health system,
waste management, risk reduction.
Impact and Management of NH: To test the
potential of simulations for the analysis and
management of NH

Computer Game Cities Skylines:
Transformation into a serious game

RESEARCH PROJECT

Figure 1. Research project: Study 1 and Study 2. The design of a sustainable city and the manage-
ment of the effects of natural hazards, through simulation: Study 1. Relations with the training of
environmentalists: Study 2. (Own design).

Here, we present part of a university teaching experiment in which we used gamifi-
cation as a didactic methodology, situating the student in a research setting (the student
assumes the role of the researcher and carries out actions as such), while the investigative
resource employed was a simulation game, used with the objective of designing sustainable
cities. It bears emphasizing that the simulation games had a strong educational effect,
increasing certain skills of the player, as demonstrated in earlier research [9].
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1.2. Importance of Natural Hazards in the Sustainable Cities

For the recurrent use of the term “natural hazards” (NH) throughout this work,
we offer certain definitions. To explain what a NH is, we need first to define the process.
We consider processes to be physical, chemical, and biological phenomena that affect the
surface of the earth, such as volcanic eruptions, earthquakes, landslides, and floods [10].
Internal processes, in which forces inside the earth act (mostly related to plate tectonics) can
be distinguished from forces on the exterior or near it (often related to meteorology) [11].
Hence, we can define a NH as any natural process that threatens human life or property,
although the process is not a hazard in itself but only becomes one when threatening
human interests [11]. Furthermore, all the risk factors must be present for the damage to
occur [12], these being [13]:

e  Hazard (H): referring to the probability of a potentially damaging phenomenon within
a specific time frame and a given physical area.

e  Vulnerability (V): expressed on a scale of 0 (no loss) to 1 (total loss) represents “the
degree of losses suffered by a given element or group of elements at risk, as the
consequence of a natural phenomenon of a certain magnitude.”

e Elements at risk (E): “These constitute the population, properties, activities, public
economics, services, infrastructures, goods of any type that are subjected to a hazard
in a given region.”

Taking into account all of these elements, natural hazard or natural risk (R) parameter
can be defined as [13]: the “expected number of victims, injuries, property damages or
perturbation of economic activity as a consequence of a given natural phenomenon.”

R=H-V-E

The effect of these hazards on a society over a given time period and in a certain geo-
graphical region is known as a natural disaster. This term is normally used when the effects
of a natural process causes major damage in terms of property, injuries, and loss of life [11].
On the other hand, if this damage requires a major investment of time and money for
recovery, it is known as a catastrophe [11]. According to other researchers [14], the measures
used to combat these effects can be classified as follows: preventive, if designed to avoid
or reduce the damage caused by hazards; palliative, if implemented during the process;
or reconstructive, if directed to repair the damages and offset losses. In turn, these measures
can be grouped as sectorial when applied to only one hazard, or general when used for
total coverage [14]. These can be classified also as structural or engineering measures
when they require the construction of some type of civil infrastructure, or non-structural or
managerial when they involve action such as land management [12].

In relation to the measures to fight against NH, we seek to evaluate the respective spatial
perception of the different risks at the regional level [15], to optimize preventive measures.

Land management has proved to be the most effective, rational, and sustainable
tool for reducing both vulnerability as well as exposure to these processes [14]. Nev-
ertheless, this may present certain drawbacks, as these plans are intended to promote
development [16], which can encourage human activities that are incompatible with the
environment where they occur [14]. Therefore, alternative measures are available such
as Civil Protection, a public service intended to forecast (analyze hazard), prevent (study
and implement measures), plan (establish lines of action), intervene (protect human lives
and property after an event), and rehabilitate (establish services to return the situation to
normal) [16]. Although at times conflict has arisen regarding which facet would provide
the greatest effectiveness, these measures are not considered to be in conflict but rather
compatible with each other [16].

With respect to the study of city planning and NH management, tools have recently
emerged for city planning that incorporate technologies such as GIS based on 3D models
and computer-assisted design [17], as well as more specific programs such as CityJSON [18].
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In relation to the sustainability of these population centers, the eleventh SDGs of
the UN specifies that the fundamental manner to achieve this is the reduction of the
damages from natural disasters. According to the World Health Organization, these NH
cause 90,000 deaths and affect some 160 million people per year worldwide [19]. Added
to these effects on people, are socioeconomic repercussions such as the direct loss of
property (infrastructures, buildings, agricultural land, etc.,), indirect losses in production of
goods and services (interruptions of business and public services such as transport, health,
and education), and intangible losses, such as environmental harm [19]. In this regard,
the authors [20] agree with our work that: Analysis at the district level can help define
priorities in different areas in order to design appropriate prevention measures and improve
the effectiveness of prevention and the allocation of fire resources. Since specifically in this
risk: “this seems to be an appropriate approach in districts where deliberate and negligent
ignitions predominate” [20] (p. 12).

In this light, it becomes evident that actions are needed to avoid, minimize, and repair
these effects caused by NH, such as the techno-computer tools mentioned above.

1.3. Research Objectives
1.3.1. General Goal

This study has a dual goal: to delve into the design and management of cities as well
as into their sustainability; and to determine the effects of the different NH in the city,
using simulations.

1.3.2. Specific Objectives
The following were the specific objectives:

e  To ascertain and characterize the relation between sustainability and NH, checking if
sustainability really contributes to NH impact reduction in urban environments.

e  To design a functional, sustainable city, with computer game called Cities: Skylines that
considered several aspects in the designing process as energy production, education,
health system, waste management, and risk reduction measurements among others.

e  To check the effects of different NH in the city, as well as the effectiveness of the
different measures to control them, using simulation processes and depending on the
severity of each NH.

e To test the potential of simulations for the analysis and management of NH: once
we simulate the different NH with different severities, we check how the simulation
process can contribute to them.

To achieve these objectives, a research method and materials and tools were planned.
These, together with the background framework, have enabled us to carry out the experi-
mental case study called “case Study 1.”

2. Background and Framework
2.1. Simulations and “Serious Games”

In general, a game, and also video games, can be defined as systems involving one or
more of the players in an abstract challenge defined by the rules, interactivity, and feedback
that lead to a measurable result [21]. Role-playing games are popular and in these cases
the player assumes a role different from the person’s daily life, such as a researcher (in the
present case) and this shapes the activities that this person undertakes during the game.
Other games are called “exploration,” in which the players interact to find objects. The idea
in these games is that the player should explore the environment to decide what to do
afterwards, how to proceed, and how to win. In these games, such as SimCity, a set of
variables must be balanced while trying to make the city grow. The balance is the key
to success over the entire game as in Minecraft, the most popular of this type. In our
case, we practice a role-playing game that leads to another game in which the player
must explore the environment and does so by means of simulations, all within a setting of
gamification or the use of the rules of the games but with a higher-educational goal.
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Simulations can be considered part of the group known as “serious games,” since
they are games but are used with an additional aim apart from entertainment [22]. Serious
games, without losing their enjoyment quality, also serve other ends beyond the game
itself. Normally, these imply video games and were created with the definite aim of serving
a second function, in addition to the purely entertainment one. Thus, “a simulation game
combines the characteristics of a game (e.g., skill, cooperation, rules, participants, role)
with those of a simulation (i.e., incorporation of characteristics critical to reality). A game
is a simulation game when its rules refer to an empirical model of reality” [9] (p. 3).

The games are designed for a main purpose other than pure fun, although they
use entertainment to achieve their goal. Normally, the adjective “serious” refers to their
use in business or industrial settings. There is a relation with all the subject matters,
such as: The invasion of the mutants, a game where school children learn traffic rules
(Spain); President Election Game 2016, where the entire USA election process is taught;
Stop Disasters Game, where the player must keep different natural disasters from causing
damage, a game closely in line with our aim but not used by us for having a narrower
range of objectives [23].

A consensus appears to exist in the academic community on the use of simulators
and games in general to develop and achieve skills. At present, almost 3000 games can be
found in the data base of Serious Games [9]

A simulator is a set of elements that seek to recreate a real-life situation. Normally,
computer means are used for this recreation, in addition to others such as mechanical ones,
to attain the highest degree of realism possible. In general, the element “fun” is disregarded
beyond the mere fact of using the simulator itself, and thus they diverge from serious
games, although some authors closely relate them [24].

A simulation is a representation of reality, which can be an abstract model of a process,
whether simplified or accelerated. It is meant to perform like the original system [25].
On the other hand, “[ ... ] a simulation game combines the characteristics of a game
(competition, cooperation, rules, participants, role, etc.) with those of a simulation (incor-
poration of critical characteristics of reality). A game is a simulation if its rules refer to an
empirical model of reality” [9] (p. 87). The use of simulations from a real business setting
enables the participants to develop their abilities through learning by experience while
taking on the decision-making process and real problems faced by directors, all of this
within an atmosphere where the risk of real errors is not assumed [26].

The study by Carson (1969, p. 39) establishing that “business simulators are case
studies with the addition of feedback and the dimension of time” (cited in 9) proved
germane to our purposes for its similarity with our approach, in which we make a case
study, examining the training effectiveness of the process undertaken. This agrees with [25],
who stated that a business game is a serious game within an entrepreneurial context that
can give rise to one or both of the following results: the training of players in business
skills and/or the evaluation of the actions of the players. Analogously, Ref. [26] showed
that participants in business simulations are positively scored in most general and specific
competition during the participation in games. In this sense, Ref. [24] observed from a
general view that students in virtual environments positively value the skills acquired
during the simulation. Simulators furthermore present a number of positive points related
to the skills achieved and developed by the participants in simulation, since apart from
skills related to the use of technology, they reinforce all personal abilities, such as the
capacity to manage time, the delegation of tasks, or the integration of ethics in decision-
making [9] (p. 1).

The paper by [21] concerning a classification of video games, based on the method-
ology that proposed to classify Russian fairytales, enables the classification of all video
games according to their rules, with serious games being one type. Meanwhile, Ref. [27],
in a systematic review of 76 publications on educational technology published between
2006 and 2016, found that the research methodology used was qualitative and within this
the case study was the most commonly used because “it adapts to each reality and takes
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on specific modalities according to hits context and aim” [27] (p. 130). This coincides with
the methodology of our study. This author found only one work on serious games and
their evaluation [28].

The evaluation of serious games requires attention since “although there is a growing
body of evidence on the effectiveness of games for learning, the evaluation is often poorly
designed, incomplete, or biased, if not completely absent” [28] (p. 4334). Steiner developed
a model of evaluation of serious games developed in the European project RAGE, which in-
troduced multiple perspectives such as learning, the producing and developing of games,
for an evaluation of serious games. In the learning, the author establishes several levels of
evaluation. The first is the scoring of player satisfaction (manifested by two variables, i.e.,
usability and entertainment level). Level two is related to the objectives of learning and the
results pursued in the training context. At this level, the evaluation reflects whether the
students acquire the specific knowledge and abilities on interacting with the serious game
and to what degree. Level three concerns the question of whether the students are capable
of applying the knowledge and the skills developed during the game in the real world
(transference). At the fourth level, the evaluation deals with the institutional perspective
in terms of pedagogical value and the benefit of the serious games for the providers of
training or educational institutions. The author concludes that this model for the evaluation
encourages research to make more rigorous evaluation.

If we apply this model to the game used in our study, we see that it exceeded level
one, since the student was satisfied with the usability of the game and the result was fun.
Also, it reached level two, since the student attained a high level of knowledge and specific
abilities by interacting with the game. The transference could not be evaluated, since,
as the author states, it is evaluated over the middle and long term. Also, the institutional
interest was high, since the university has accepted the proposal of the professor and has
bought the game and its extensions. Thus, in this scenario, the game chosen was positively
evaluated at all three levels.

Other authors in their research have also found full acceptance of these games to make
simulations [9,22,29-32]. The simulations require students “to build their own knowledge,
to pose their own questions, to generate and explore their own models, and to construct
the representations that organize their experiences, instead of derive them from the words
of the professor. For all this, this methodology intensifies the motivation to learn” [31]
(pp- 12-14). Students perceive serious games as useful tools to develop skills, both general
as well as specific ones related to the subject matter, especially for decision making and
problem solving in fun learning experiences [31].

The site http:/ /serious.gameclassification.com/ [33] is a collaborative classification
system suited to Serious Games, based on multiple criteria. The games are classified
according to their gameplay, their purposes, their markets and target audience, together
with user-contributed keywords. In this platform with multiple classification criteria,
we used the criteria Education, Training, Ecology, and Student, 17-25 years, selecting five
serious games which we analyze and compare with our Cities: Skylines (Table 1).

Education is key for reducing children’s risks to disasters. Although children are one
of the most vulnerable groups when disasters occuy, if they are taught from an early age
about the risks posed by natural hazards, they will have a better chance to save their lives
during disasters. This online game aims at teaching children how to build safer villages
and cities against disasters. Through playing, children will learn how the location and the
construction materials of houses can make a difference when disasters strike and how early
warning systems, evacuation plans, and education can save lives. Given that children are
the future architects, mayors, doctors, and parents, if they know how to reduce the impact
of disasters, they will create a safer world.

Cities: Skylines had the intentions when it was created to promote fun and playing,
and to be informative, and we have added in our simulation the objectives of education in
ecology and training of professionals in environmental management. Also, we required
that each simulation be done with data that makes sense in the real world, according to
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Table 1.
Cities: Skylines.

the literature consulted and not with any random data. In this way, we have turned it
into a serious game. Therefore, this game has ecology and education in common with all
other selected serious games, and has more similarity in its rules and forms of play with
The Green Hipster Hotel and CityOne: A Smarter Planet game. It has in common with
Stop Disasters Game the subject of natural hazards, but this is simpler in its objectives
and norms, being advisable to introduce the subject to children. In conclusion, the game
used has similarities with all the others selected in terms of ecology and education and
differs in the objective of training environmental professionals, a condition that we have
imposed in order for this approach to become a serious game to perform sustainable

city-design simulations.

Comparative Analysis of Serious Games selected from http://serious.gameclassification.com/ [33] and

Serious-Games Purpose Market Audience Gameplay
The Green Hipster Besides play, this tl.ﬂe This title is u.sed by the Age: 17-60 General This gameplay is
features the following domains: - . .
Hotel (2015) Caped . . . Public Professionals & = Game-based (designed
intents: Educative Entertainment

Koala (International)

message. Training

Education. Ecology

Students

with stated goals)

Dans la peau d'un

Domains: Ecology.

producteur de café Intents: E(.iucatlve and Education, Age: 12-35. General The gamep lay' s
Informative message . Game-based (designed
(2011) broadcasting Trainin, Economy, Public & Students with stated goals)
Equisol (France) & & Management. &
Domains: Education,
Lifestyle 2050 (2011) Intents: Ecology, Healthcare, - The gameplay of this
National Museum of Educative and Culture & Art, This tlt.le targe.ts the title is Game-based
. . . o following audience: . .
Emerging Innovation Informative message Humanitarian & Age: 3-7/60+ Students (designed with
and Science (Japan) broadcasting. Training Caritative Corporate, 8¢ stated goals)
Scientific Research
Domains: Healthcare
City One: A Smarter Intents: Educative and Education, Ecology This title targets the The gameplay of this
Planet game (2010). Informative message Corporate. Culture & following audience: title is Game-based
City One: A Smarter broadcasting. Art. Humanitarian & Age: 3-7/ (designed with
Planet game. IBM (E-U) Training Caritative 60+. Students stated goals)
Scientific Research
Stop Disasters Game Domains: - .
(2007). (International),  Intents: Educative and = Healthcare. Education, This tlt.le targets the The &2 meplay of this
. following audience: title is Game-based
Internet—Free. Informative message Ecology . .
. . Lo Age: 12-60+ General (designed with
Platform(s): Browser broadcasting Humanitarian & Public stated goals)
(Flash). Caritative. &
Cities: Skylines Fun. Play. Informative State. Government General Public
(2015) message. Educative Healthcare. Politics Professionals & Game-based
Colossal Order message. Training Ecology, Education Students

Platform: http:/ /serious.gameclassification.com/ did not find any game with the name Cities:Skylines, because it is not a serious game;
rather, it is a recreational game that has been adapted by us.

A second website also proved useful, including numerous serious games [34], an anal-
ysis of them is beyond the scope of the present study and will thus be addressed in a
future work.

2.2. Simulators

The simulators are computer programs that model a real setting (e.g., a real situation
such as the functioning of a business, a financial enterprise, traffic in a city) and allow
actions on a model, presenting reactions similar to those that occur in the real world.
The simulation activities have been used for years in social sectors in which it is not possi-
ble to make experiments to the satisfaction of the researcher (e.g., in medicine, economy
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or environment) or doing so would imply enormous costs or undesired consequences
(e.g., in energy, communications, transport) [25]. Many studies have focused on simu-
lators, for example in the field of computers [35], which examine the functioning of the
vehicular networks by simulation and make an extensive review of the tools available for
the simulation of vehicular networks. An analysis has been made of the traffic simulator
STRAW (Street RAndom Waypoint), capable of simulating real activity of vehicles with a
high degree of detail [35] (p. 51). Also, it analyses other simulators to transmit multimedia
elements in settings of communication between vehicles, “checking the viability of the use
of simulation tools for the deployment of vehicular networks in the city ... varying the
number of vehicles in circulation” [35] (p. 62). Training simulators emerged in the military
and aviation and are expanding into all other fields of training [36,37] and their formative
effectiveness has been demonstrated.

The simulator equips the student for practical thinking, rather than theoretical. This is
generated with the aim of achieving something specific, associated with particular phe-
nomena, focused on the meaning of specific actions and depending on what is feasible.
It improves professional training quality, optimizing capacity building, preparing the
student to put theoretic knowledge into practice as well as understanding the functioning
of a system, generating analytical skill, evaluating different scenarios, developing methods
of analysis, and reducing the probability of error in decision-making [36] (p. 1). For [38],
the objective is to provide a methodology of using computational tools of simulation in
the new training scenarios of the digital era, for its power in teaching mental structures
that the student will need to apply theoretic knowledge in reality. According to these
authors, “simulators have a high potential to provide secure and controlled scenarios
of experimentation with the elements needed for the student to actively commits to the
construction of his or her own functional and efficient mental structure” [38] (p. 309).

However, simulators do not transmit the fun aspect of games, the only satisfaction
being that of being able to operate the simulator to solve problems that might emerge
in real life. Many authors have studied simulators [37,39], but in our work we have
used a serious game instead of a simulator. We examine simulators only to indicate the
similarities and differences between the two technological resources [36,37] and their
formative effectiveness has been demonstrated.

2.3. Simulation to Design Sustainable Cities

Many simulations are used in business and in different areas of engineering, and sim-
ulations have been made in the field of energy. Previous authors [40] have undertaken an
automatic computational process for morphological generation and simulation in order to
evaluate the solar-energy consumption and the access of solar radiation. Other authors [41]
have used the simulation to estimate the energy curve for buildings. However, we have
found few studies similar to ours, apart from one notable work [42] which shows the
creation of digital urban twins for the sphere of city planning, in which urban mobility
and wind flow are simulated. Also, virtual reality has been used [43] to generate digital
twins for civic participation in urban planning. These models enable simulations to predict
the behavior in the real world. The digital twins (digital representatives of material and
immaterial objects from the real world) offer a great potential in the field of digital tools to
deal with the complexity of cities, with the possibility of also involving citizens in the par-
ticipation process. These representations may contain models, simulations, or algorithms
that can describe their characteristics and behavior in the real world.

Recently, digital twins were implemented in planning processes. For the generation
of the digital twin, these authors used a variety of techniques and methods, such as 3D
models, spatial syntaxis, mobility simulation, wind simulation, movement patterns of
people, data of stationary activity, and qualitative data. This representation provided
the opportunity to test a number of scenarios and their possible solutions, checking their
impact by using a real-life case. However, these authors concluded that because it was a
model and thus an abstraction of reality (not being exact copies), the digital models did
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not include all the information from real life. Finally, these authors did not conclude that
this tool can improve decision-making for the creation of intelligent and sustainable cities.
Another work with similarities to ours [43] made simulations of the changes in soil use
in order to determine how this affects the resilience and sustainability of cities, as stated
in the 11 SDGs. Half of humanity lives in cities and by 2030 some 60% will live in urban
areas. The rapid urbanization is exerting pressure on natural resources, the environment,
and public health.

To end poverty, protect the planet, and ensure prosperity, the United Nations es-
tablished 17 SDGs, notably 11, with the aim of making cities inclusive, safe, resistant,
and sustainable. Both land use as well as its cover can directly influence society and
ecology. Human activities have been the main motor of land-use change in recent years,
especially urbanization. This research has predicted the dynamics of land-use changes
based on different scenarios. Furthermore, the authors state that this study will be beneficial
for researchers, urban planners, and city-design policies. We have found almost no studies
that apply simulations to design sustainable cities, and fewer that still use simulations to
test the effect of the NH in these cities and the management of these effects in order to
minimize them.

Thus, our work is unique in that it uses gamification as a didactic system, by which a
student, in the role of a researcher, generates an adaptation of a game in order to design
simulations of a sustainable city. Here, we provide only the results of the simulation of the
sustainable city and of the effects of one of the risks in the urban area, while the rest of the
results will constitute a future publication. Therefore, the aim of this paper is to show the
results of the simulations made in order to study the characteristics of a sustainable city
and the management of the NH in it, using an example.

2.4. Sustainable Cities Design

Current urban centers clearly follow an unsustainable model to a greater or lesser
extent. Therefore, numerous authors have studied the impact of these centers on the envi-
ronment, examining new models that mitigate the damage as much as possible. Saaty and
De Paola, in their article entitled “Rethinking Design and Urban Planning for Cities of
the Future,” published in 2017 by Buildings [44], sought to determine the best model for
cities of the future. After analyzing the advantages and disadvantages of several types,
these authors concluded that, regarding urban planning and design, a compact circular
city is the optimal model, taking into account factors such as urban expansion, the trans-
formation of the buildings, and environmental impact. Furthermore, the strength of this
model is the equidistance between various points as well as the optimal distribution for
public transport [45]. On the other hand, for greater sustainability, their design layered
different zonings, designating the central space as residential (with gardens on roofs and
walls) and the outermost as industrial zones, thereby reducing the pollution within the
city [45]. This model could direct the current path toward sustainability, transforming
cities into sustainable systems, which could be defined as any human urban center (city,
metropolis, megalopolis, etc.,) interacting with or in equilibrium with sustainable develop-
ment [44]. In this sense, the Brundtland Report, on defining sustainable development (as
mentioned above) as meeting the needs of the present without compromising the ability of
future generations to meet their own needs [2], establishes a three-dimensional concept
that encompasses economic, social, and environmental issues, which are interrelated [46].
We call these the three pillars of sustainable development (Figure 2).

In accord with the bases of sustainable development, a city, in social terms, should
advance toward the general wellbeing and improved quality of living for the population
by fomenting employment opportunities, reducing poverty, and improving education
and health services [44]. On the other hand, as stated by the author, in economic terms,
the city should develop according to the model of economic growth, adjusting to the
load capacity of the ecosystem. Finally, regarding the environment, progress toward
conservation, pollution reduction, the use of sustainable resources, and rational land use
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should be promoted. In this sense, ecological urban planning should prioritize the use
of public transport as well as bicycle and pedestrian circulation over the use of private
motorized vehicles. Also, natural areas should be incorporated into city planning together
with mixed land uses, renewable energy, sustainable water use, and the reuse/recycling
of wastes [44].

SOCIAL

BEARABLE EQUITABLE

SUSTAINABLE

ENVIRONMENT ECONOMIC
VIABLE

Figure 2. The three pillars of sustainable development. (Adapted from [46]).

Although sustainable development requires compliance with all 17 of the SDGs of
the UN, we shall focus here on the eleventh for its close relation to the present work.
This eleventh SDGs seeks to make urban centers more inclusive, safer, more resilient,
and more sustainable, setting the following goals for 2030:

1.  Ensure that all people have access to adequate dwellings and services in a safe and
affordable way while improving marginalized neighborhoods.

2. Provide access to safe, affordable, accessible, and sustainable transport systems for
the entire population and improve traffic safety, in particular by expanding public
transport, paying special attention to the needs of the vulnerable, i.e., women, children,
the aged, and the disabled.

3. Increase inclusive and sustainable urban planning as well as the capacity for partici-
pative, integrated, and sustainable planning and management of population centers
in all countries.

4.  Strengthen efforts to protect cultural and natural heritage of the world.

5. Significantly reduce the number of deaths caused by disasters, including those related
to water, reducing the number of people affected while diminishing the economic
losses directly sustained in comparison to the world gross domestic product, placing
special emphasis on protecting the poor and underprivileged.

6.  Diminish the negative environmental impact per capita of cities, especially emphasiz-
ing air quality and waste management.

7. Provide universal access to green areas as well as safe, inclusive, and accessible public
areas, particularly for women, children, the elderly, and the disabled [47].

Similarly, for 2020, this goal included an improvement of economic, social, and envi-
ronmental ties between urban, suburban, and rural areas, in addition to more efficient use
of resources, the mitigation of climatic change, and the resilience against natural disasters,
while offering support to less advanced countries [1].

However, although the countries closest to complying with the SDGs are European,
none of them has achieved the goals established for the eleventh SDGs [48]. It bears
mentioning that to fulfil the goals of this SDG and thereby reach sustainability, cities also
need to reach other goals, as these are interrelated [47]. In this sense, the eleventh SDG can
be considered central with respect to other SDGs (Figure 3).
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Figure 3. SDGs needed to attain sustainability in cities. (Own design based on [1]).

As shown in the figure, for cities to be sustainable, one of the key points is public
mobility, this being one of the goals of this SDG. Some authors [49] indicate how to satisfy
the needs of the society to move freely, permitting access, communication, commerce,
and getting together without sacrificing other essential ecological or human values in the
present or in the future. These characteristics notably include the provision of three lanes
in which the center is used exclusively by buses in addition to a bus line that connects
health centers [49] (p. 68). Re-examining the eleventh SDG, we see that one of the ends
is to make cities resilient and resistant to NH. Walker (2005) defined ecological resilience
as “the capacity of a system to absorb impacts and reorganize itself while undergoing
change, but in such a way as to maintain essentially the same function, structure, identity,
and feedback systems” [2] (p. 137).

Other authors [50] have adapted this definition to urban resilience, defined as the
capacity of a city and its urban systems (social, economic, natural, human, technological,
and physical) to absorb damage and reduce the impact of a perturbation as well as to
adapt to those changes. In this sense, urban resilience is based on four concepts: resistance,
recovery, adaptation, and transformation. These in turn can be divided into five dimensions:
natural, economic, fiscal, social, and institutional. Finally, these authors conclude that tools,
methods, and means are lacking to evaluate the resilience of cities, this being a challenge
for the future.

Therefore, the reduction of damage caused by SDGs is fundamental in attaining
sustainability in cities, while public safety and social cohesion are priorities for this [51].
For the mitigation of these effects, preparation and training are fundamental, the prime
objective being the reduction of hazards, once the potential risk factors are identified [51].
This preparation is based on the analysis and management of the hazards, implemented
in three phases: (1) inventory of risk factors; (2) management of risk factors; and (3) the
evaluation of the hazard and the analysis to reduce risk, which can be completed in
several phases [12].
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3. Materials and Methods
3.1. Methodology and Study Materials

For the overall research, we used the methodology known as Design-Based Re-
search [7,8], “the main characteristics of which are: (i) the decision of placing the research
into the natural context; (ii) the purpose of causing specific changes in this context; (iii) the
option for the systemic focal points; and (iv) the cyclic and repetitive character of the
designs” [52] (p. 2). Also, it “seeks to understand and improve the educational expe-
rience through the consideration of natural contexts in all their complexity, and of the
development and analysis parallel to a specific instructional design” [53] (p. 75).

To carry out the work of “case Study 1” an experimental study has been prepared that
includes several simulations and the “conceptual analysis” of all the product generated
in the simulations, in light of the background framework also prepared by means of
bibliographic search, as part of the job. Thus, it has been possible to design a sustainable
city model, in addition to being able to carry out simulations of a series of natural hazards,
which have been recorded and subsequently analyzed.

The recording materials have made possible to assess the simulation tool, as well as to
formulate a model of the facts that are the object of scientific interest. This in turn enabled
us to establish a didactic system for studying (the tool or game that we have adapted
and the simulations developed with this game). This obviated the physical simulation of
natural disasters, which would be either impossible or undesirable.

In addition, for this work, in the construction stage of the city and in the simulation of
the NH, we have used gamification. This technique consists of the application of gaming
resources (designs, dynamics, elements, etc.,) in non-gaming contexts in order to alter the
behavior of individuals [4]. Other authors [53] have stated that gamification can have
several applications, being highly developed in the business world (with the aim of guiding
the behavior of customers and employees). In its use in governmental contexts, it can serve
to improve citizen participation, as might be the case with the project Speed Camera Lottery,
based on the contest for ideas to address social needs [4].

3.2. The Tool in This Study

With respect to the video game used as a resource in gamification of this work,
Cities: Skylines, several authors have written about its possibilities in diverse uses, such as
simulation and visualization of real cities [54]. It has already been used for spatial planning
purposes by [55], who analyzed its potential to be used as an educational method in land-
use management and made an evaluation of it, concluding that this game has advantages
and inconveniences compared to others, as a territorial planning tool.

Accepting this evaluation, we chose the game as a simulation tool for this research
on NH in a city, since it permits the building of approximate models which, although
simplified, represent reality. Its weaknesses and threats are clearly perceptible and thus
can be taken into account in a teaching-learning process for this subject matter at the
university level.

We have found no references to this way of using this game, and therefore we consider
our research to be novel regarding its use in the NH analysis and management, as we
shown in Figure 4.

The main material used in Study 1 was, as indicated above, Cities: Skylines, (https:
/ /www.citiesskylines.com/) [56], a video game based on the construction of cities, in which
we acted as the mayor of the city that we created, which we had to design from the
beginning with urban planning. We had to establish the network of highways, the energy
sources, and the water-storage and -purification systems, etc. Similarly, we had to manage
services such as education, health, and safety of our population. Under the role of mayor,
we also had to manage the finances and legal systems in our city. We started with the
hypothesis that the material used, Cities: Skylines, had the potential both as an urban-
planning tool, as in the Analysis of the Management of Natural Hazards.
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Figure 4. Analysis and management of natural hazards. Boxes in blue represent the steps in which
the tool used has proved valid (own design based on [12]).

To test this hypothesis, we used a set of variables such as the sustainable city itself to
be constructed and the measures to prevent and minimize the impact of natural damage.
In this sense, so that our city could attain sustainability, these measures needed to be
effective in comparison with another city without them, where we assumed that the
losses would be greater after the same catastrophe. We tested this assumption by running
several simulations.

The game is structured on several levels depending on the number of citizens, as this
is based on the development of our city until reaching the maximum population possible.
We began with a village of 500 inhabitants and expanded our population to a town of 16,000
and then to a megapolis that according to the game starts at 75,000, finally establishing the
size of our city at 147,000 inhabitants.

By surpassing each of these levels, we achieved certain rewards that increased the
functionality of the game, such as more terrain for our city or expanded services (e.g., new
public transport), new energy sources, or new laws. To attain a larger population and sur-
pass a level, we had to establish, according to demand, larger residential zones, commercial
zones, and industrial zones, establishing services that included water, electricity, garbage,
and security, among others.

The game had a panel of information in different sections concerning the characteristics
of the city. The sections were: utilities, garbage, and education (the game indicates the
availability of schools, universities, and libraries as well as their capacity and use by the
population), happiness, health, traffic, wind, pollution (soil and water contamination in our
city), noise pollution, fire services (coverage and risk in the area), crime (police services and
crime rate in our city), transport (traffic fluidity in our city), population (and employment
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data in our city), land value (in each sector of our city), natural resources, districts (the
game delineates the different districts in our city), leisure, land elevation (represented
by contour lines), escape routes (the game indicates evacuation routes in the event of a
hazard), radio coverage (the game displays the strength of the signal of certain methods of
catastrophe detection), destruction (the game indicates the degree of destruction undergone
in the territory from a certain process), catastrophe detection (the game gives information
on coverage for earthquake detection, for example), traffic routes (the game shows the
path to follow by pedestrians, bicycles, autos, and other forms of transport), tourism
(the game indicates the tourist attractions in our city as well as the number of tourists),
guided visits (the game specifies the number of tourists and residents that use tourist
transport systems), and park maintenance (the game reports on the conditions of the
different parks Furthermore, to enhance the potential of the game, several extensions of
the game were added.

First, the video game Cities: Skylines—Green Cities was acquired to help make our city
more environmentally sustainable. This game gave us the ability, among other things, to
control acoustic and environmental pollution, to establish ecological shops or to establish
vertical gardens on our buildings. In addition, we acquired Cities: Skylines—Natural
Disasters, a key resource that provided a great quantity of NH that could be simulated in
our city, as well as a number of elements that enabled us to plan prevention measures for
these hazards.

Also, we added Cities: Skylines—Parklife, as it enabled the generation of green areas such
as parks that would be highly useful in making our city sustainable. Finally, we acquired
Cities: Skylines—After Dark. Although the main characteristic of this latter video game is to
introduce nightlife into our city, we used it also to add new means of transport that aided
the sustainability of the city, such as bicycles and the bus lane.

4. Scheduling of the Study: Phases of the Methodological Design

Study was performed in different phases (following the teacher’s instructions), sum-
marized by the student in Figure 5. These included bibliographic stages (in yellow), others
of experimentation/research (in green), and some of the analyses and conclusions (in red).
Blue indicates phases preceding and following the research work within the university
sphere. Below, these are explained.

| }
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Contact with the material

subject of the investigation

PHASE 5:
Start of the work
composition

PHASE 3:
and PHASE 1: PHASE 2: Extrapolation of PHASE 4:
Bibliographic search Start of city design bibliographic search to Finalization of city design
the city
e PHASE 8: PHASE 9:
PHASE 6: Obtaining conclusions and SO " 5
R e birationthe work Finalization and delivery Presentation of the
SLLESLESKSIMUGHONS D of the investigation investigation
composition

Figure 5. Sequential representation of the phases of Study 1. (Own design).

4.1. Phase 2: Initial Design of the City

To begin this phase, we selected a modality of gaming, since we could choose between
managing a predesigned city or design our own. Opting for the latter, we selected a map on
which to begin the construction of our city. With this start, the game forced us to construct a
highway that we had to join to the existing dual carriageway by default to the surrounding
territory, and we successfully added services until producing a city [9]. Below, Figure 6
presents the design of this city. On the left, appears a hint of the initial square design
of the city, situating the industrial zone to the northeast, toward the outskirts of the city.
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While consulting the literature, we began to establish a circular city model to the right,
since because part of phase 2 and 1 were undertaken simultaneously. We found that the
city model designed was not appropriate, as it did not coincide with the information in
the literature.

Figure 6. Image of the first city designed and the beginning of the second (own design).

4.2. Phase 4: Finalization of the City Design

To finish designing the city, we began the game and let time pass in order to verify
whether the city was functional and whether it had adequate services situated in the
appropriate places. After confirming the adequate effectiveness of this city, we made two
copies of it. In one of these, we installed preventive measures for NH, while the other
lacked these measures. The game offered us several preventive measures. First, we found
refuges of different sizes that enabled evacuations of the population, and these refuges were
established in each district. We also found emergency units, in charge of sending helicopters
and lorries with personnel for rescuing survivors of a catastrophe. Due to the large size,
this building was situated on the edge of the city. Also, we situated radio antennas in the
city center, acting as emergency relays in case of evacuation. On the other hand, we found
sectorial measures for the different NH: in the city center, we established sensors to detect
earthquakes, as well as climate radars to identify storms and tornados. Also, on the
outskirts of the city, we had deep-space radar to locate meteorites, and watchtowers were
situated near forest stands outside the city to warn of forest fires. Below, Figure 7 provides
an aerial photo of the city after completion.

Figure 7. Image of the definitive city. (Own design).
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4.3. Phase 6: Simulation of NH

The expansion of Cities: Skylines—Natural Disasters enabled us to simulate several
NH, these being: tornados, earthquakes, land subsidence, storms, forest fires, tsunamis,
and meteorites. The tsunamis, although being NH, were not simulated because our city
had no ocean nearby. All these NH are defined by a single magnitude, which the game
designated as severity of between 1 (minimum value) to 10 (maximum value). The game
included a modality in which these hazards appeared by chance and with a random
magnitude. However, we did not use this function, as we wished to simulate each process
in a certain place at a definite magnitude.

To simulate the different NH, we followed the same procedure beginning with a
simulation at a magnitude of 10 in the city that had preventive measures. In the same
place, with the same magnitude, and at the same time, this process was repeated, but this
time in the city without preventive measures. In this way, we sought to determine the
difference between the losses undergone in the two cities. Afterwards, in the city with
preventive measures, we made two further simulations of the same phenomenon, in the
same place and time as the previous one, but in this case with different magnitudes.
For this, we selected an intermediate magnitude (5.5), which the game offered by default,
and the minimum magnitude (1). This was intended to determine the difference in losses
at different magnitudes and distinguish how the emergency services acted in different
situations. In addition, the different natural risks had been simulated in various areas
to confirm the effectiveness of the emergency services. Below, we describe the process
followed for each of these phenomena. Different hazards were simulated analogously:
earthquakes, meteorites, tornados, floods, and forest fires.

4.4. Phases 6 and 7. Research. Explanation of the Anomalous Data and the Conclusions

After finishing all the simulations, we found that in some cases the data differed
markedly from the results expected, as in the case of the simulations of storms and forest
fires in the city without preventive measures. For this reason, we examined the cause
of this anomaly, repeating the simulation of the forest fires at a magnitude of 10 in the
city without preventive measures in order to confirm whether there had been a mistake
in the simulation. After determining the statistics of the damages, and finding no error,
we repeated this simulation but this time after establishing a single focal point farther from
the city.

After simulating all the hazards and analyzing the statistics on the losses in each case,
we wrote the results of the study, discussed these results, and drew conclusions.

5. Results
5.1. The Building of the Sustainable City and the Effects of NH on It

During the building process, we found that the resulting city was not viable, based
on the literature consulted on sustainable cities. The commercial zones should have
been farther from the residential areas for the noise generated by the businesses, and the
industrial zones should also be situated far from city center, since citizens complained
of the pollution produced. Finally, the designing of commercial zones near industrial
ones, the traffic was reduced since the transportation distance for merchandise was shorter.
After the second city was constructed, time was allowed to transpire.

To evaluate the viability of our city, we used a number of statistics offered by the game
as well as some of the data provided by the information panel of the game. First, to ana-
lyze the social sustainability of our city, we studied the city’s demographic development.
As reflected in Figure 8, from the beginning of the game until the time when we simulated
the NH, the population growth followed a clear growth trend.
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Figure 8. Demographic changes in our city during the period 2020-2029. (Information from the game [57]).

Finally, to evaluate the social sustainability of our city, we studied the educational level
of the citizens. As shown in Figure 9, the level of education also followed a rising trend.

2021 2022 2023 2024 2025 2026 2027 2028

Figure 9. Shifts in the educational level of the city during the period 2020-2029. (Source from the game [57]).

On the other hand, to study the economic development of the city, we began by
determining the employment trends in population. Figure 10 indicates a strong surge in
the employment rate up to 2024, where it stabilizes until 2028.
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Figure 10. Trends in the employment rate over the period 2020-2029. (Information from the game [57]).

From 2028 on, the employment rate dipped under the change in specialization of one of
the industrial sectors. However, this dip was not worrying, since the employment available
continued an upward trend. In terms of the city economy, Figure 11 also indicates an
increase in the city’s revenues, attributable to the growing population plus the generation
of employment.
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Figure 11. Trends of city revenues during the period 2020-2029. (Information from the game [57]).

In terms of city pollution, Figure 12 indicates that soil pollution was concentrated in
the industrial zones but without exceeding an average of 3% of the total surface area of the
city. Meanwhile, the pollution of drinking water remained 0%.
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Figure 12. Representation of the city’s pollution (Information from the game [57]).

Other variables (number of students, jobs available, noise pollution, transport) were
also studied and their data proved compatible with the sustainability of the city [9].

5.2. Results From an Earthquake Simulation

First, for the city with preventive measures, the game, after registering an earthquake,
offered a representation of the risk of catastrophe in the area (Figure 13).

Figure 13. Representation of the risk of catastrophe for the simulation of the earthquake with a
magnitude of 10 in the city with preventive measures. (Information from the game [57]).

In this city, the population could be evacuated for protection during the earthquake.
In this simulation, the earthquake destroyed several highways, opened cracks in the terrain,
and started fires, after which the emergency services were deployed to this zone and
the fires were extinguished (Appendix A, Al). On the other hand, for the city without
preventive measures, after the earthquake, the citizens could not be evacuated, nor was
there a representation of the catastrophe risk. With the earthquake, as before, highways
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were destroyed, cracks formed in the terrain, and fires ignited, this time in more abundance.
After the earthquake, the emergency services again reached the zone (Appendix A, A2).
Below, Table 2 shows the data on the statistics of the losses occasioned by the catastrophe.

Table 2. Statistics of damages of the Seismic Risk with a magnitude of 10 (information from
the game [57]).

Earthquake Magnitude of 10

City with Preventives City without Preventives
Measures Measures
Deceased citizens 805 3038
Destroyed buildings 170 204
Destroyed roads (meters) 3971 3999
Burnt buildings 116 125
Burnt trees 72 58

In these simulations, despite the same epicenter of the earthquake, the cracks differed
in direction, as did the amount of damage caused. A comparison of the two simulations
showed that the time needed to mitigate the effects of the earthquake was longer in the
city without preventive measures. On the other hand, in the case of the simulation with
a lower magnitude, i.e., 5.5 (Appendix A, A3), as in the previous case, after establishing
the epicenter, we noted the catastrophe risk of the zone and evacuated the population
again. After the earthquake, the game offered the following statistical data on the damages
(Table 3).

Table 3. Statistics of the damages from Seismic Risk with a magnitude of 5.5 (information from
the game [57]).

Earthquake Earthquake
Magnitude of 5.5 Magnitude of 1
City with Preventives City with Preventives
Measures Measures

Deceased citizens 691 233
Destroyed buildings 131 70

Destroyed roads (meters) 2949 1896
Burnt buildings 105 68
Burnt trees 69 37

Comparing the results of both magnitudes, we found first that, at a greater magnitude,
the catastrophe risk covered a larger surface area, almost reaching the city limits (e.g.,
reaching the dam), while at a lesser magnitude it reached little beyond the outskirts of
the city without reaching the city limits. A comparison of the two simulations indicated
that the duration of this process was the same despite the difference in magnitude. Also,
the primary effects of the earthquake appeared to be the same, as the same crack was
generated, apparently at the same depth, although for the magnitude 5.5 it appeared to
be somewhat smaller. In the simulation of the lower magnitude, a smaller quantity of
buildings caught fire, and therefore a smaller force of emergency services were activated.
Finally, for the simulation of a magnitude of 1 (Appendix A, A4), as with the foregoing cases,
we had a representation of the catastrophe risk and evacuated the population. The results
for this latter case appear in Table 3.

For this case, the catastrophe risk was less, without reaching the outskirts of the city,
with fewer burnt edifices, requiring fewer emergency services. In terms of the effects
on the city, despite the lowest possible magnitude, cracks nevertheless formed in the
ground, though smaller. In this latter simulation, the transit of vehicles (which continued
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in circulation despite the evacuation of the population) occasionally clogged areas near the
damaged site, hampering the access of the emergency services.

A similar study was made for the other NH: storm, forest fire, tornado, flooding,
and meteorite. Also, these results were examined, which were invariably less severe in
the city with preventive measures and more harmful in the city without. The comparative
statistics reflected the differences in the damage (Table 4). Also, the anomalous data of the
NH were analyzed in all cases [9].

Table 4. Comparative table of the statistics for damage from the different phenomena at a magnitude
of 10.

Land

Earthquake  Meteorite = Tornado . Forest Fire = Storm
Subsidence
Deceased 805 3282 4554 2 - -
citizens.
Destroyed 170 158 356 4 ; -
buildings.
Destroyed
roads 3971 6155 9965 303 - -
(meters)
Burnt 116 53 ; ; 15 46
buildings.
Burnt trees 72 99 - - 4932 299

In bold the maximum values (information from the game [57]).

5.3. Discussion of the Results

This discussion is only a part of the discussion prepared in Study 1, corresponding to
the case of the NH shown above, i.e., the earthquake. A similar analysis was made for the
other five NHs: the storm, forest fire, tornado, land subsidence and meteorite, also with a
discussion of the results, which were consistently of less impact in the city with preventive
measures and more damaging in the city without these measures and anomalous data
were also discussed [9].

Consulting the literature, we confirmed that the model of the city that was designed
at first was not suitable. As shown in Figure 6, this city did not have a definite shape,
although an intent was made to transform it into a compact circular model that was finally
constructed in another game, as also shown in Figure 6. Despite having to generate a
new game, with the first city, we determined the best location for the different zonings,
which coincided with the literature consulted. Therefore, in the new city, the industrial
zones were situated on the exterior of the city in order to keep the pollution as far as
possible from the inhabitants. The residential zones were located in the center, and between
the two areas appeared the commercial zones, offices, and more residential areas, separated
by greenbelts. With these separations, which acted as leisure areas, we managed to keep
noise as low as possible in residential zones.

With respect to environmental sustainability, from the outset the design was meant to
be as environmentally friendly as possible. For this, we used renewable energies, carried out
urban planning based on the literature regarding sustainability in cities, and we established
the most efficient water-purification systems, among other measures. The results imply
that this goal was achieved. For example, the mean soil pollution was 3%, concentrated
in the industrial zones without reaching the residential zones. Regarding water pollution,
the game offered only two purification systems (which we called “water purification” and
“ecological water purification”), which did not offer purification efficiency and therefore
this could be improved by adding different types of purification stations for waste waters
including their purification efficiency. With respect to traffic, the compact city model
proved optimal for this goal, providing shorter distances between points, which, together
with the zoning chosen, enabled emergency services to reach their destination more rapidly
after a catastrophe. In this sense, we considered a possible extension in this work in which
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the same hazards were simulated in a city with a distribution different from that selected
in order to determine the losses sustained and the efficiency of the emergency services
rendered. This could mean a modification of the present formula for calculating risk,
based on vulnerability, hazard and risk elements, and the importance of the distribution of
these elements could be added. In relation to sustainability, we conclude that the game
had highly simplified mechanics with respect to the construction of cities as well as their
sustainability. For example, in terms of water quality, we provided data on availability and
the percentage of water pollution, but it did not tell us the effectiveness of the waste-water
treatment stations nor the parameters to take into account. Similarly, in relation to the
waste management and city energy, the game offered only certain data, such as the capacity
of the disposal sites or energy availability. Therefore, we could not delve into these aspects
in relation to city sustainability.

In the statistical results for seismic damage for the simulations of magnitude 10,
the losses in relation to citizen deaths, fallen or burnt buildings, and damaged highways
made sense because these repercussions were greater in the city without preventive mea-
sures than in the city with. Furthermore, the number of burnt trees in the latter case was
even less than for the earthquake of magnitude 5.5, when the expectation would be that for
a lesser magnitude the damage would be milder. With regard to citizen death, destroyed
or burnt buildings and damaged highways, we found a decrease at 5.5 in comparison
with a magnitude of 10. Finally, the earthquake of magnitude 1 did fulfil this prediction,
as the losses were less than for the simulations at higher magnitudes. With these results,
we conclude that the earthquake sensors, installed as a preventive measure were effective
in greatly reducing the damage, as reflected in Table 1. In addition, the game correctly
interpreted the different magnitudes, since with an earthquake of lesser magnitude we
had a lower representation of catastrophe risk and also generally lower losses, as can be
confirmed by a comparison of Tables 2—4. Finally, in relation to the mistakes in the losses
expected, we conclude that this resulted from the random way in which the game recreated
the processes; that is, despite establishing the same epicenter, with the same magnitude
and at the same time, the direction of the fracturing of the terrain was not the same for
the two earthquakes, as reflected in the Videos 1 and 2 of the Appendix A. In this sense,
the representation was considered to correspond to the danger of the zone with regard to
this event.

From these simulations, we conclude, after seeing the comparative statistics of all the
NH, that the tornados constituted the most harmful NH, the earthquake was the most
damaging for the buildings, the forest fires were most devastating for the trees, the storm
caused the least overall damage, followed by the flood, whereas the meteorite caused
intermediate damage, though it had equal effect on all elements (Table 4).

With respect to activity cycles, the game is based on the ladder of progression, since,
as stated above, it involves overcoming several levels. One of the key points was the
entertainment of the system. Although this is subjective, in our opinion, the game presents
entertaining and attractive mechanics that make its use pleasant.

6. Conclusions

In the case study presented here, the objective of designing a functional, sustainable
city has been achieved using the game Cities: Skylines as a serious game. However, the game
presents some limitations in the NH simulations as absence of some of them for example
floods or landslides and the use of a common scale to measure the magnitude of the NH
applied instead of the scientific scale of magnitude proper of each one. As we noted in
the literature, some authors [50] have concluded that they lacked tools to measure the
resilience of cities. Based on the data collected and a literature review, we argue that the
city model chosen for this work, i.e., the compact city with vertical gardens, offers a more
sustainable alternative to current city plans. It contributes to the resolution of this theme
about resilience of cities. In this sense, the study of resilience of the rebirth of a sustainable
city if disasters occur using a “serious game” could be considered in future studies.
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As we comment in the Results and Discussion sections, we have checked the effects of
the different NH in the city, as well as the effectiveness of the different measures to control
them. For example, the response time for earthquakes proved longer in the city without
preventive measures.

In the simulation of the different threats, we determined how the city reacted to a
phenomenon, avoiding and combating the effects. Thus, we conclude that the simulation
constituted a useful tool to test the resistance, recovery, adaptation, and transformation of
a city after this process.

Also, we conclude that this approach can be used to evaluate the mitigation measures
of an event, as well as to determine their efficiency due to the wide options of preven-
tive measures and the emergency services that we can incorporate into our city design.
Therefore, we consider simulation to be a valuable resource for the analysis, evaluation,
and management of hazards (Figure 4).

In this sense, the game became a serious game, using it city design and NH simulation
based on reality.

This approach could be useful to train undergraduate students in Environmental
Sciences to become urban planners and risk managers.

Also, in agreement with other studies, we have shown gamification to be a useful tool
for land management with examples of the optimal zoning of different sectors, city plan-
ning, and traffic design. Similarly, the results corroborated that this tool can also serve for
the management of natural hazards and their palliative measures.

Finally, this study offers a fuller understanding of serious games as a technological
product of great social reach today. For example, this approach identifies the limitations
in simulating the construction and sustainability of cities. In this sense, the progress
made in developing a tool for risk management through gaming simulations were highly
satisfactory. Based on the results, we conclude that gamification combined with simulation,
using the tool Cities: Skylines [56], can improve the use of technology for the development
of resources to meet NH and aid in sustainable city design and on the challenges faced by
current research on these issues for the sustainability of the tomorrow’s society.
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Appendix A

Al. Video 1: Simulation of an earthquake with magnitude 10 in the city with preven-
tive measures. Available on: https://youtu.be/2zH7bQIm9xU.

A2. Video 2: Simulation of an earthquake with magnitude 10 in the city without
preventive measures. Available on: https://youtu.be/251r1Vx_pu0.

A3. Video 3: Simulation of an earthquake with magnitude 5.5 in the city with preven-
tive measures. Available on: https://youtu.be/GEd]JCc62fyl.

A4. Video 4: Simulation of an earthquake with magnitude 1 in the city with preventive
measures. Available on: https://youtu.be/x8rXdgH]Jt6o.
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