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ABSTRACT
Smart City emerged as a reference concept to shape the city of the future, mainly by strengthening the 
connections between grids, Information and Communication Technology (ICT) tools, governance and 
people. ‘Smart’ refers to the potential benefit that is derived by adopting ICT to face the increasing 
complexity of city growth, which involves multiple urban scales, a number of different players and a 
variety of regulatory frameworks, as shown by several experiences worldwide in the past few decades. 
Compared to the potential that is expected to be fuelled by hyper-connected devices in delivering an 
efficient and optimized configuration of the urban eco-system, the architecture of the city seems to 
have been relegated to the background. Facilitating an integrated management of the urban dynamics 
on both a large and a small scale is a key challenge. This means that the cross-related effects of deci-
sions and behaviours must be identified, mapped and analysed considering their relations, reciprocal 
influences and conflicts. Although an effective ICT infrastructure should facilitate this purpose, the 
number of variables to consider is enormous, due to both top-down and bottom-up strains, which can 
act simultaneously on a large palette of fields, with multiple and combined issues as well. In order to 
design a model on which a tool for management can be built, a simplified scale of analysis is needed: 
the ‘district’ seems to represent an acceptable intermediate portion of the whole city where local and 
global phenomena can be observed from a perspective of their interferences and potential synergies. It 
often also corresponds to an administrative entity as well as to a structured place recognized by citizens 
and inhabitants. This article reports on a study conducted in the city of Bologna by a team of research-
ers of the University of Bologna – Department of Architecture. The study aimed at supporting the 
municipality in defining effective strategies to implement the Smart City Vision by a set of coordinated 
actions of regeneration at district level. The research aimed at coupling holistic design principles and 
the typical ICT platform architecture into an inter-operable tool that could enable the management of 
the key features of a district in separate layers, supplemented by different data sets. A significant part 
of the research has been devoted to identifying the variables involved and defining the methodology to 
process them, according to the most up-to-date shared definitions and indicators.
Keywords: built environment, energy efficiency, multi-layer design, smart city, smart district, urban 
regeneration.

1 INTRODUCTION
In the recent past, the Smart City (SC) concept has emerged as a possible answer to world-
relevant challenges most metropolitan cities are facing at different levels [1, 2]: massive 
urbanization, increase of demographic pressure due to migration flows, CO2 emissions and 
economic and social constraints as never before [3–9]. As pointed out by several stud-
ies [1, 3, 10, 11], the smart city paradigm and the extended use of ICT tools are often adopted 
to facilitate coordinated and more sustainable actions [3, 5]. Despite the rapid progress 
achieved in this field, a shared and common definition of an SC is still missing [5, 12–16]. 
This prevents a clear understanding of the potential hidden behind the supporting tools to 
foster the transition process and to coherently create effective synergies when adopting smart 
building and smart city solutions to shape the architectural landscape of the future.

The article aims to identify some recurring key concepts/themes describing the SC notion 
in scientific literature and in recent/ongoing research projects. This provides a reference to 
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define the main layers of a multi-criteria platform to be used for supporting the application of 
ICT tools in the design process of effective actions, especially on a district scale assumed as 
an intermediate scale where urban transformation and transition processes are usually carried 
out. The article reports on the results of a study developed by the Technology Research Team 
of the Department of Architecture at the University of Bologna aimed at supporting the Bolo-
gna Municipality in defining effective strategies at the district level, by performing separate 
but coordinated regeneration actions within the framework of the general Smart City Vision 
[17]. Although the district, as a pilot dimension for testing solutions, has been widely dis-
cussed [18, 19] including several potential features (geographical, social, administrative, 
functional) that are suitable to define it, the research assumed the district as an intermediate 
urban dimension that is recognizable to its citizens [19]; having a minimum physical dimen-
sion for implementing projects; having a relevance compared to the whole city and being 
mainly devoted to a specific function (e.g. residential, commercial, etc.). A considerable por-
tion of the research has been devoted to delivering a state of the art – which is reported in the 
first part of the article – in which a comprehensive perspective of the key concept definitions 
has been provided, aiming at bridging the gap between their meaning and understanding. On 
this basis, a methodology has been developed to assess the level of ‘smartness’ that may 
characterize an urban situation and its potential improvement by specific regeneration actions 
assumed as tools to revitalize the spatial, social and economical dimensions of the site [20].

Since the research aims to couple the holistic design principles and the typical ICT plat-
form architecture into an interoperable tool, the key district features have been referred to 
separate layers, fed by different data sets in order to facilitate the management of the complex 
interaction given by the wide range of variables involved in the process.

2 BACKGROUND AND ASSUMPTIONS

2.1 General framework

To support the fulfilment of EU directives 31/2010 (Directive 2010/31/EU of the European 
Parliament and of the Council of 19 May 2010 on the energy performance of buildings) and 
27/2012 (Directive 2012/27/EU of the European Parliament and of the Council of 25 October 
2012 on energy efficiency) the city developed and adopted the Bologna Adaptation Plan in 
2015 [21]. A number of ICT-based solutions were implemented accordingly in order to 
achieve the Bologna Smart City Vision. Thus, the first step in the research was to obtain a 
clear definition of the smart city concept [14, 16, 22].

The debate on the notion of ‘smart’ dates back to the late 1980s and early 1990s with the 
advent of the information age. On the one hand, it was the integration of ICT-based tools to 
trigger the idea and on the other defining the concept of useful, simple and cheap methods 
associated with the term smart [5]. According to Nam and Pardo [14], it seems to be generally 
accepted that the aim of smart growth is to combine economic and social issues with sustain-
able urban development, by a process where ICT plays the key role of enabler. Then, the 
smart city topic’s strong bond with technology started to be more and more coupled with 
sustainability issues, [3, 23] especially dealing with climatic and social challenges [2]. Some 
research [1, 24–27] highlights these aspects, pointing out the importance of cross-cutting 
strategies to meet the present urban challenges [28]. Facing the multiple dimensions of the 
topic, a literature and research screening appears to be a suitable reference to establish a set 
of assumptions and definitions that reflect coherent and shared positions.
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2.2 State of art review

The state-of-art review was set up to screen research on smart cities, focusing on those that 
assumed environmental issues and climate change responsive strategies as key elements, 
which were clearly addressed as a priority by the Municipality of Bologna. A systematic 
review [29] has been performed on Google Scholar, and on Cordis, the web portal where 
EU-funded projects are collected by adopting a methodology coherent to Cooper taxonomy 
(see Table 1) [30].

The Google Scholar search included all kinds of documents (reports, theoretical analysis, 
methodologies, research outcomes, scientific papers) in a time range between 2000 and 2015 
when the smart city concept was spreading. Data from the 1990s was complemented by a 
recent study [31] retrospectively analysing the topic literature in that period. Within the time 
frame defined, the references were retrieved from the Goggle Scholar database by the follow-
ing set of keywords: smart district; smart building AND indicator; smart city AND indicator 
AND sustainable; smart building AND refurbishment; urban regeneration AND smart city 
AND sustainable; smart city AND retrofitting OR renovation OR refurbishment. The listed 
combinations produced 4,423 results, 490 of which were selected based on the relevance 
assigned to the document and excluding the following: documents containing citations only; 
patents; slide show presentations; documents not written in English or Italian; papers focus-
ing on specific engineering topics (i.e. heating systems, grids, etc.); papers concerning only 
tourist or artistic/historical or cultural heritage issues. The findings were firstly ranked in 
chronological order, to map their relevance in the evolution of the topic and considering the 
most updated trends and, secondly, in conceptual order according to the research scope.

Table 1: Cooper taxonomy applied to smart district literature review.

Characteristics Cooper’s option Adopted selection criteria

Focus Typologies of papers involved
All papers involved: theoretical, 
conceptual, methodological, case 
study

Goal Integration (e.g. bridge the gap 
between theories, etc).
Criticism (e.g. demonstrate a theory)
Central issue

Central issue. Coherent to the 
literature review scope 

Organization Data mining: chronological, 
conceptual, methodological

The data mining is developed with 
chronological and conceptual 
organization

Perspective Neutral position, espousal of a 
position

Neutral position

Audience Target of the literature review The audience is specialized 
researchers, policy makers, 
architects acting on urban context

Coverage Exhaustive, exhaustive with 
selective citations, representative, 
central, pivotal

Representative
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Time evolution of the concept – The selected references were classified according to pub-
lication date so as to analyse the emerging trends and to demonstrate that the linkage between 
smart city and district regeneration is quite recent. Until 2010, the topic was covered by only 
a few articles and papers, while a remarkable increase in publications is recorded since 2010. 
This can be explained by an increased demand from the EU and national regulations applica-
tion. Figures 1 and 2 show the increase of relevance of papers connecting smart city and 
district regeneration year by year.

Thematic interpretation - According to key words listed in each document and the recur-
rence of the string combinations in the main text, the results were assigned to 9 main 
categories: 1) case studies (reporting the outcomes of application in real contexts); 2) econ-
omy and policies (i.e. stakeholder engagement, guidelines, business models, etc.); 3) ICT/
technology (analysing the role in process implementation); 4) performance and indicators 
(descriptions of the main parameters and related derived indicators); 5) methodologies and 
models (describing analytical structure, design options, implementation models); 6) social 
involvement (i.e. creative districts, living labs, etc.); 7) theories (describing theoretical and 
position approaches, i.e. terms and concepts definitions, interpretation of trends, etc.); 8) low 
carbon transition (describing transition, adaptation, regeneration processes); 9) cousin words 
(including similar or related concepts, i.e. intelligent city, eco-city, digital city). Theoretical 
approaches are predominant, followed by methodologies and case studies. The prevalence of 
theory can be taken as evidence of the need for defining the boundaries of the topic and its 
key features. 

The relevance of case studies demonstrates the need for testing the assumption in real 
conditions, however this can vary significantly from place to place. The large number of pilot 
applications is not mutually fed by each other’s experiences thus reflecting the lack of a sys-
tematic development in the field due both to the early stage and the complexity of the issue. 

Figure 1: Time analysis of Smart City. and District refurbishment, n° of elements.

Figure 2: Time analysis of Smart City and District Refurbishment, percentage.
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The share by topic is displayed in Figure 3. The analysis shows that smartness seems to have 
two main cores: the technological component, which includes both hard infrastructure (the 
enabling systems and devices: IT, web-based) and software infrastructure), combined with 
ecological/sustainable features. The transition towards low- carbon cities involves economic 
and social growth as well as the inclusion of communities [32–34].

Document typology interpretation - The selected documents were then classified according 
to their typology (see Figure 4): books; book chapters; EU documents (official documents, 
issued by EU Institutions and governmental or official bodies); EU projects; scientific papers; 
theses (master or doctoral). The predominant typology is the scientific paper reflecting the 
need to establish a consolidated background on the topic. However, some common outcomes 
emerged. Urban development through transition towards low-carbon sustainable districts is a 
growing research topic that is closely connected to smart city issues.

The Cordis portal was searched according to the following keywords: ‘smart city’ AND 
district OR retrofitting OR renovation OR regeneration OR urban; ‘smart city’. The following 
filters were applied: research on 7th work programme AND research on H2020 work pro-
gramme; research only in PROJECTS. 25 projects, were found and further filtered according 
to the following criteria: exclusion of projects not applied to urban or district contexts; exclu-
sion of projects with educational purposes; exclusion of duplicated results. The outcomes 
were double checked with the ‘Smart City Platform’ database as an additional source. All the 
selected projects have a complex structure that was examined as a starting point for the Bolo-
gna case study and to define the multi-layer architecture of the design tool object of  
the study.

Figure 3: Thematic analysis %.

Figure 4: Product typology %.
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3 METHODOLOGY AND DEFINITIONS

3.1 Applied methodology

The massive amount of information screened and the variations in terminology and meaning 
among themes belonging to the same category made it necessary to accept a certain level of 
approximation in creating some main families in order to progress further with the research.

The key objective was to support the replacement of the conventional approach to renova-
tion of the existing stock which – being usually aimed at achieving pre-defined performance 
thresholds for each single building according to specific energy savings targets – assumes 
city regeneration processes as the collection of these single results [25, 35] and moves towards 
a more coordinated vision that adopts ICT tools and smart principles as the key enabler [36]. 
The core idea of the project is therefore to couple the holistic vision with ICT architecture in 
order to include in the interoperable platform a number of ‘layers’ representing the key 
themes and concepts on which the smart and sustainable city vision can be linked as shown 
in Fig. 5. The main problem that arose was the complexity generated by managing the whole 
process on a city scale and the lack of adequate connections while working on the scale of a 
building. Therefore, the very first task of the project was to structure the whole platform as a 
scalable tool and to fix its key element at the district scale. The complex interaction of vari-
ables and specific conditions, typically characterizing the dense urban environment, requires 
the separation of both data flows and their representation in order to provide a simplified tool 
to visualize possible conflicts or synergies and facilitate the understanding of phenomena for 
a different range of players (who are mostly non- expert users). The core idea of the research 
is to aggregate variables and data belonging to the same domain into a number of key layers 
organized into sub-categories that make it easier to filter information and browse the data-sets 
in separate or aggregated visualizations.

The methodology was developed as follows:

•	 sub-categories identification by analysing the recurrence in the screened projects and 
their definition accordingly;

Figure 5: The core idea is based on a multi-layer structure that aims to facilitate the 
management of interactions and optimize the design solutions.
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•	 application of indicators to the parameters involved, to be used to feed graphic maps rep-
resenting the related data sets;

•	 aggregation of sub-categories into key layers, to be used to display data on graphic maps 
for facilitating end-user visualization of results;

•	 definition of the platform architecture as a whole

•	 test on a demo-case and check of replicability potential.

3.2 Definition of the thematic layers

The very first problem of this approach was how to define the layers so that they could be 
general enough to be applied to different contexts but specific enough to adequately describe 
a consistent part of urban phenomena. The outcomes of the state-of-the-art review, and espe-
cially those coming from the project screening, were used to support the layer definition 
phase. Each source was investigated to select the categories used to describe the main issues 
in a smart and sustainable city perspective and definitively select the most used and recurrent 
thematic group so as to adopt shared definitions understandable to a wide range of potential 
users [24–27, 37].

Based on the different realms (mobility, energy grids, people, communication, etc.) [38] 
and according to the outcomes of the performed review results (recurrency of the theme 
in the concept definition) 5 main ‘layers’ were identified: circulation, which is closely 
connected to smart mobility and the physical infrastructure at the city and district level, 
where the smart district can be defined as an urban geographical, socio-economic unit that 
can be associated with a specific culture and identity [39]; climate conditions, which 
includes all the variables dealing with the specific characteristics of the environment (such 
as temperature, humidity, wind speed, rainfall, etc.); buildings, which represent the single 
units of the built environment and are assumed to host the ICT supported backbone con-
trolling sensors, actuators, micro-chips, micro/nano-embedded systems used to manage 
the key functionalities while collecting and filtering information locally with the purpose 
of managing aggregated data at city level according to business functions and services 
[40]; space in-between, which represents the connective fabric where most interactions 
take place; grids infrastructure, which typically refers to services and systems associated 
with the so-called smart grids. Each key layer includes a number of sub-categories in 
order to optimize the description of the combination between the variables and the deriv-
ing phenomena. All these definitions and key layers were used to define the platform 
architecture and structure with the aim of managing separate data put into aggregated 
visualization output in order to facilitate the understanding of the potential related to 
alternative renovation scenarios.

3.3 Platform structure

From a methodological point of view, the layered architecture of data is the backbone of the 
platform while the sub-categories are assumed as a set of homogeneous information.

The platform conceptual structure is designed to be implemented with new additional lay-
ers in case the complexity of phenomena requires them. Furthermore, this responds both to 
the need to use existing and already available data sets and new ones whose data can be spe-
cifically collected according to new purposes. The resulting structure is displayed in Fig. 6. 
Each key layer aggregates information concerning the sub-categories that are fed by the 
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existing database or by monitoring tools already installed or to be installed in the build-
ings and/or in the service infrastructures. When a sub-category is filled, specific descriptors 
are adopted and adequate indicators are assumed accordingly. Thus, the process works in 
two directions, one for feeding each data set and the other for putting questions to the 
system using a sub-category as a filter.

An easy example of how the structure works is offered by a very common goal of regen-
eration processes concerning the reduction of energy demand for cooling and heating.

With the aim of defining effective solutions, the key parameters are usually displayed in a 
number of data sheets, like the one shown in Fig. 7, and can be represented by a map at the 
district level visualizing homogeneous conditions according to the selected indicators.

This can be applied to each sub-category and layer providing a facilitated access to infor-
mation as well as an easy way to compare interrelated data sets. A map of the green areas can 
be easily associated with a map of air temperature (which is described by isolines) or of 
ventilation (see Fig. 8) to analyse the potential influence of green surface remodelling in the 
same zone with mitigation purposes. In this sense, the test phase on the demo-site was useful 
for studying possible interaction topics to be further developed at a future stage of the 
research. This is just one example of correlation processes, others can deal with circulation 
and mobility data, thermal behaviour of building envelopes and demand data from energy 
suppliers, etc. The key layers can be implemented according to needs; however, for func-
tional reasons the easiest way to implement the tool is to add new sub-categories with related 
details.

The platform is expected to be integrated with already existing ICT tools and software in 
order to ensure the widest compatibility and to ease data collection. The tool is intended for 
important data gathering and analysis, to include GIS-based (geographic information system) 
maps and to allow smart simulations for providing fast feedback after any changes to the 
parameter settings.

Figure 6: architecture of the tool with the key layers and sub-categories.
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4 RESULTS, IMPACTS AND REPLICATION POTENTIAL
The main results of the study deal with two different levels: on the one hand, the attempt to 
define thematic layers that represent the recurrent issues detected in the performed review in 
order to have a broad range of categories included in an easier structure to manage; on the 
other hand, the architecture assigned both to the methodological backbone and to the plat-
form itself represents a promising field of work in boosting synergies and connections 

Figure 7: architecture of the tool with the key layers and sub-categories.

Figure 8: example of wind map (b) compared with green re-design (a) of a portion of the 
urban fabric on the demo-site.
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between initiatives and solutions. The original character of the research lies in considering 
the district meso-scale in terms of renovation projection, performance level, achieved 
results, while analysing and processing data acquired on the single elements (buildings, 
green areas, circulation, etc.) composing it. This approach requires a very multi-discipli-
nary team including experts from different domains particularly regarding ICT development 
and software integration.

The research is expected to have a positive impact on the city regeneration process. In the 
short term, it will drive innovations in energy management and control technologies in the 
renovation market – which is the widest field of application from the Municipality’s point of 
view in several areas of the City – and will increase the key player awareness thus generating 
a greater demand for both innovative, retrofit solutions (e.g. insulation, ventilation, water sav-
ing, etc.) and training and support services for building managers [37, 41]. In the medium 
term, although it might be randomly replicated in different sectors of the city according to the 
dotted nature of investments and to the emerging needs, it will direct the processes into a 
coordinated vision drafted following the pattern designed by the thematic maps of each layer 
like pieces of a single mosaic. The main barrier to speeding up the process is the lack of 
resources available to plan interventions in the long-term perspective that usually lead to 
single isolated initiatives rather than to larger portions of the city. The ownership regime is 
also a critical element that hinders coordinated decision-making processes. However, the 
very active cooperation with the Municipality of Bologna is a promising premise in order to 
successfully overcome procedural and contextual barriers and to boost tool adoption and use 
by the key players involved.

5 CONCLUSIONS AND DISCUSSION
This multi-perspective approach is a response to what the City of Bologna, as problem owner, 
profiled when asked to facilitate the cooperation between all subjects – from suppliers to citi-
zens and communities – in order to optimize energy efficiency measures, find adaptable 
solutions and increase the overall quality at district level according to a coordinated vision 
[37, 42–44]. The envisaged methodology requires a constant updating of the key parameters 
(i.e. building features concerning both the construction system and equipment, site features, 
relation with neighbouring buildings, circulation, connection to grids, etc.) as well as the 
protocols for data acquisition. A circular check process is used to assess the effect each tech-
nical solution to be implemented may produce according to pre-defined targets of performance 
and quality. The platform is therefore the first application of the methodology and, at the 
same time, the tool to check its coherence and reliability. The next steps will be the imple-
mentation of the demo-cases and the related extension of platform functionalities according 
to the envisaged multi-user perspective. The ambitious character of the research requires 
several intermediate evaluations to allow the development of each single phase according to 
a circular checking process. In addition, each single stage is planned separately according to 
budget availability so as to ensure the advance of the research.

The originality of the research is indeed mostly connected with its multi-criteria and multi-
user dimension, which are closely connected to the core concept of scalability that was 
assumed in the very early phase of the project conception as the key element to satisfy the 
replicability of the methodology either in several parts of the city or in other cities with dif-
ferent contexts and size. This represents a crucial element for defining adequate pathways to 
replicate the process elsewhere and for driving the platform structure to further implementa-
tions – not simply referred to the potential additional layers, but mostly to new potential 
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applications dealing with the smart dimension, which will require a constant exchange of 
information between the real and the virtual realm in shaping the cities of the future [45].
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ABSTRACT
Coastal zones have experienced rapid urban growth over the last 50 years and this is expected to con-
tinue. The most important reasons for rapid land-use changes are related to real estate pressure and the 
construction of new urban infrastructures. Coastal systems support a wide variety of social, economic 
and natural services and are directly affected by multiple human activities. The downside of urban 
increase is reflected in the change of land-use cover, and land-cover from open areas to built-up areas, 
especially within the metropolitan cities on the coast. The aim of the paper is to evaluate the relation-
ship between the decrease of large green areas in coastal zones and the efficiency of planning and 
regulation of those areas. For this purpose, we are presenting a comparison between two case-studies 
from different countries: Boa Viagem Beach in Recife (Brazil) and Rocha Beach in Portimão (Portu-
gal). These two areas have similar socio-environmental problems. The method relies on two sources: 
literature review (national regulation and policy documents) and 37 semi-structured interviews with 
stakeholders/agents responsible for urban development of the two areas of study. The interview ques-
tionnaire comprised topics such as the national planning legal framework, the process of urban growth, 
the impact of densification and the problems related to the lack of green areas in the coastal zones. 
A 3D GIS model complements the geospatial references of the research, showing the localization of 
green areas and their decrease over time. The comparison on different aspects of development in the 
two countries shows that the rules tend to be more efficient in Portugal than in Brazil. However, in both 
countries, it is felt that more efficient legal instruments and enforcement action is necessary to lead 
developers to comply with the rules. The use of semi-structured interviews proved to be very effective 
for comparative analysis on national policies. The paper presents a cross-national perspective with dif-
ferent stakeholders’ points of view on the issue of the scarcity of green areas in coastal zones, which is 
intended to provide helpful information to planners, scholars and administration officers.
Keywords: 3D GIS model, green areas, interview, urban planning, vertical growth.

1 INTRODUCTION
Cities have always been responsible for the enormous challenges to humans in terms of 
the adaptations necessary to live in such environments where important ecological services 
(effluent dilution, clean air, thermal comfort, etc.) need to be managed to promote individual 
and social wellbeing. However, more recently, the possibility of climate change, demographic 
aging, and natural resource depletion [1, 2] have presented us with new problems. The report 
of the Department of Economic and Social Affairs of the United Nations in 2012, reports that 
cites and their surrounding regions used by humans for infrastructure and commerce facili-
ties, require a great many resources, which cause intense pressure on the environment. This 
is even more worrying because nearly 51% of the global population live currently in cities 
and their suburbs. In developed countries like the United States, Canada, Australia, Japan and 
Europe the estimate is that up to 80%, or even 90% of the population live in urban centres [3].

Rapid population and urban growth have affected coastal zones around the world, espe-
cially in the last decades (from 1970s onwards) [4]. Among the prevailing stakeholders driving 
extreme urban growth along coastal zones is real estate speculation, which is pushing for the 
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construction of more, higher, and more expensive new buildings inside these areas [5, 6]. The 
view of the passage is more attractive, for the biggest the people and the especial areas for the 
rest and the vacations.

Another aspect is noted: loss of green areas [7]. If sustainable development practices are to 
match the pace of rapid changes resulting from urbanisation, the urban knowledge gap must 
be quickly bridged [2]. Recent literature indicates that green environments within urban areas 
contribute with multiple benefits, and is very important for the well-being of urban popula-
tions [8–10 the provision of urban green areas is approached from a social perspective, as 
public spaces for recreation and sports activities, regardless of the environmental and economic 
benefits they can provide from a sustainable development perspective. The planning of urban 
green areas requires a set of conditions in order to be successful, among which are: an updated 
regulatory framework, adequate financial resources, technical knowledge of the appropriate 
plant species and the effective participation of the community. However, without a complete 
and classified inventory of the existing green areas, any planning is unfeasible. Therefore, this 
paper presents the first stage of the study of urban green areas in a city of the State of Baja Cali-
fornia, Mexico, developing firstly, a review of the regulatory framework and a redefinition of 
the concept of urban green areas that takes into account the basic dimensions of sustainability, 
and on the other hand, it proposes a general classification of urban green areas that includes all 
types of open spaces with vegetation: both for public and private use, subdivided into systems 
and subsystems, which were the basis for the identification, classification and quantification of 
urban green areas, using Quickbird multispectral images of 2.6 m resolution and applying the 
Normalized Difference Vegetation Index (NDVI]

Rapid urbanization causes tremendous growth in buildings and population that is accom-
panied by environmental issues including heat islands trapped inside urban areas, including 
the hinterland of coastal cities. The primary reason for heat islands’ formation in urban areas 
is the absorption of solar radiation by the mass of built-up structures, roads, etc. during day-
time [11]. The absorbed heat is subsequently re-radiated to the surroundings and increases 
ambient temperatures at night [7]. Natural green areas within cities can thus provide a certain 
adaptability (resilience) to urban landscapes in coping with problems such as increased risks 
of heat waves and flooding [11]. Green spaces in urban areas have been found to be promis-
ing in enhancing urban life quality in many ways, but in many cases this is no longer possible, 
mainly because of the lack of urban planning. For example, urban-locked natural ecosystems 
were vastly under-represented in the world’s largest assessment of ecosystems [2].

Cities are dependent on the ecosystems beyond their limits, but also benefit from internal 
urban ecosystems. Such is applicable to urban areas along coastal zones, where part of the 
city limits is a water mass (the sea or an estuary, for example). These areas are part of the 
city, both suffering and exerting direct influence over it [7]. Green areas are one of the many 
possible ecological measures used to combat the problems of urban heating that may also 
contribute to wider nature and biodiversity conservation. To address the challenges of ecosys-
tems degradation, an interdisciplinary eco-social system approach is critically important and 
needed at this time [12]. Ecosystems play an important role in facilitating transformations 
needed to address urban challenges. Understanding how urban ecosystems work, how they 
change and what limits their performance can add to the general understanding of ecosystem 
change and governance in an ever more human-transformed world [8, 12].

It should also be noted that green areas provide services that include non-material benefits 
such as psychological and cognitive advantages to people who are in contact with nature 
during recreation, aesthetic, spiritual and tourist activities [2, 7, 12]. Therefore, urban-locked 
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natural green areas should be one more of the strategies aimed at sustainable development 
packages of actions, since they confer liveability and resilience in urban areas [2, 7, 12].

The comparative studies between different countries were made comparing the space-
temporal development of green areas within urban settlements in two different countries: 
Praia de Boa Viagem Beach at Recife (Brazil) and Rocha Beach at Portimão (Portugal). 
These two urban areas, although very far apart, have a number of similarities that encourage 
comparisons from different points of view [4]. In this research, Boa Viagem Beach, located in 
Recife, northeast region of Brazil, and the Rocha Beach of Portimão located in the southern 
region of Portugal, Algarve, are taken as case studies for testing the proposed methodology. 
Two reasons support this choice. Firstly, the findings show that the coastal urban zones of 
Boa Viagem Beach and Rocha Beach underwent major and rapid physical changes over the 
1960–2013 period. Secondly, although these two case studies are located in such distinct geo-
graphic contexts, they exhibit similar land-use and land-cover change dynamics especially 
regarding transitions from non-urban land to urban land. Extensive documental and literature 
review was allied to 37 semi-structured interviews with stakeholders who were considered 
responsible for urban changes and development in the two areas of study. The interviews and 
questionnaire comprised topics such as the national planning legal framework, the process 
of urban growth, the impact of densification, and problems related to the diminishing green 
areas in these two coastal cities. A 3D GIS model complements the geospatial references of 
the research, showing the localization of green areas and their evolution over time.

2 STUDY AREAS, MATERIALS AND METHODS

2.1 Study areas

Boa Viagem Beach is situated in the coastal area of Recife City, the capital of Pernambuco 
State, a thriving economy in the Brazilian Northeast (Fig. 1). The study-area is 200 ha and 
is located in the south of Recife City, with approximately 2 km of seafront. Due to the 

Figure 1:  Study areas: (A) Boa Viagem Beach, Recife City, Brazil; (B) Rocha Beach, 
Portimão, Portugal.
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tropical climate of the region, mangrove-flooded forests dominate the estuaries. As Recife 
has developed in the last 500 years, especially in the last century, only small fragments of 
this ecosystem remain. The most important is a park (1000 ha) that limits the landward side 
of Boa Viagem Beach. It is the only significant green area in the south of the city. Recife City 
has other green areas such as public parks, communal gardens, and internal courtyards, but 
the major green area is in the north of the city and is part of the Atlantic Rain Forest (Dois 
Irmãos Park).

Rocha Beach is situated on the coastal area of the Portimão City in Portugal, and is the 
capital of Barlavento – Algarve Region (Fig. 1). Located in the Atlantic South of Portugal, 
the study-area is characterized by a Mediterranean climate. Rocha Beach is 200 ha located in 
the south of Portimão, with approximately 2 km of seafront. It has arborized open squares but 
no public parks. Portimão has other green areas, like public parks, communal gardens, and 
internal courtyards, but the major quantitative green areas are spread across the city.

The green areas in both cities are diversified by the types of buildings, which include dif-
ferent homes, apartment buildings, commercial buildings and mixed-use buildings. Green 
areas are considered by UNDESA as an indicator of the quality of life. Based on official data 
by the town hall of Recife City that measures ‘green area per inhabitant’, a per capita value 
of 46 m2/inhabitant emerges (Table 1).

The World Health Organization (WHO) recommends a minimum of 12 m² of green area 
per inhabitant, but the ideal is 36 m² per inhabitant [3]. The data presented in Table 1, is for 
the whole Recife City and considers as ‘green areas’ all types of vegetation cover (trees, 
grams, bush). This data will be discussed later. In 2012, the Secretariat of the Environment, 
together with the Environmental Policy Directorate of the Recife City, identified 25 Nature 
Conservation Units and two Landscape Conservation Units.

No data was found for the Portimão City, but one can follow on the map the distribution of 
green spaces in Rocha Beach (Fig. 2). As in the city of Recife, Portimão considers all type of 
vegetation cover as ‘green areas.’

2.2 Materials

2.2.1 Cartographic data
Vector and matrix data were used to identify the green areas in both study areas. Being in dif-
ferent countries, it was necessary to take into account the specific norms and laws that affect 
these areas (Table 2).

The altimetry data is composed of sets from vector cartography used by the munici-
pality, and the digital terrain model was composed of 1 m in both areas. It was collected 
from official sources at the two cities. The representations and digital maps of the areas 
were made by processing hildshade in Arcgis. Another source of altimetry information was  
Magarotto et al. (2015). The other set of elevation and contours was obtained from 1:1000 
scale altimetry cartography of 1998, available.

Table 1: Total square meters of green area per inhabitant (annual average) for Recife City

City Year
Green space in urban  
areas (m2) Total inhabitant

‘Green area per  
inhabitant’

Recife 2012 7156,8158 155,5039 46,0234

Source: Secretariat of Environment and Sustainability.
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2.2.2 Interviews
Semi-structured interview with key participants is a research technique used with interest 
groups to assess the current situation of green areas in the two study areas. In conjunction 
with the interviews, laws and urban development plans were also analysed. These semi-
structured interviews were carried out by those in charge of town planning, eligible public 
positions, real estate entrepreneurs, associations/residents and researchers that characterize 

Figure 2: Green areas in study area of Rocha Beach.

Table 2: Vector and matrix data available for each study area.

City Data Year

Recife Aerial photographic covers

Satellite images
Orthophotomaps
Vector cartographic data

Municipal land use plan

1961
1981
2002
2013
2013

2008

Portimão Aerial photographic covers 1958
1986

Satellite images
Orthophotomaps
Vector cartographic data

2002
2010
2010

Municipal land use plan 2008
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interest groups. There was a total of 37 interviews, 18 in Recife (Brazil) and 19 in Portimão 
(Portugal), with representatives of different groups of stakeholders acting in different aspects 
of stakeholder’s urban growth and built-up areas (Table 3).

The interviews were coded as Interviewee Boa Viagem Beach (IBVB) followed by a 
number (1,2,3...); Interviewee Rocha Beach (IRB) and a number. The application of this 
qualitative technique of social research allowed us to identify and explore the different per-
ceptions and opinions of the stakeholders on the problem, the potentialities and challenges 
associated with green areas in the two study areas, as well as their impact on urban environ-
ment as a whole. It should also be noted that analysis of different discourses has brought to 
light good practices, points of convergence, and possibilities for understanding the efficiency 
of green areas to improve the quality of life of local residents and visitors.

All the interviews were recorded in digital format and later transcribed for treatment and 
analysis.

2.3 Methods

The methodological proposal of this paper is the association between qualitative and quanti-
tative research methods, a seldom-attempted approach. The quantitative aspect is the visual 
analysis of satellite and other images that identified the green areas within each parcel of 200 
ha under investigation, and the qualitative aspect is the association of the GIS data with the 
interviewers’ references to green areas they know of. The integration of GIS and interviews 
confirms the present situation of study areas in relation to changes (increase, decrease and 
change in quality) in the total and partial green spaces within a city.

The use of the 2D/3D GIS Model in the analysis was of great importance for the observa-
tion and mapping of the elements present in the geographic space. The data was represented 
dynamically, along four decades (1960–2013), through the association of data and the inter-
pretation of clear and efficient spatial information. This processing of the quantitative data 
aims to create a 3D GIS model over the terrain, and locate visually the information for sur-
face characterization. The result of this stage includes above-ground spatial objects. This 
first step was taken with most recent data available of Boa Viagem Beach (2013) and Rocha 
Beach (2010). This process is the basis for the reconstruction of the other years in this study. 
Through this technique it is possible to see in the previous aerial coverings whether or not the 
space objects of the study existed, and thus model the terrain.

Applications to verify vegetation-related variables and indexes is common within the 
Remote Sensing science, to quantify the spatial distribution of vegetation through the digital 
data of reflecting spectral bands. The surface of plants absorbs radiation in the visible range 
(between 0.4 and 0.7 μm) and is reflected in the Near Infrared (NIR) range (0.725 to 1.10 
μm). Thus, a vegetation index may be the ratio of the difference and/or combination between 
the VIS and NIR reflecting values, considering there is no atmospheric interference. How-
ever, in this paper, the data acquired in the public agencies consulted for this research will be 

Table 3: Interviews with key informants.

Cities Researchers Municipal staff Politician Residents Owners Real estate agents

Recife 4 6 2 4 2

Portimão 5 7 3 2 2



1266 M. Magarotto, et al., Int. J. Sus. Dev. Plann. Vol. 12, No. 8 (2017) 

used. The interest is the use of green areas for improvement of both cities’ life and environ-
mental quality. Another aspect is the use of terminology: green areas rather than green spaces. 
This last term is used for the denomination of all green spaces within the city (…). Green 
areas are specific to gardens or public parks only.

3 RESULTS
The analysis of land use in Boa Viagem Beach and Rocha Beach shows that these two urban 
areas, though in different countries, have similar problems in respect to green areas. Both 
study areas have consolidated gardens and parks, but they are little used by the population 
(local residents or tourists). This analysis in large scale shows that in the two areas, streets 
are made to benefit the cars. The pavement does not exist or is uncomfortable for pedestrians 
walk. Bicycle lanes are present at the beachfront, with little planning, and were built over the 
pavement, reducing available space. These observations can be seen empirically in both the 
study areas. On the other hand, contact with the local reality shows other aspects that are not 
perceptible at first sight.

Boa Viagem Beach has no trees on the sand, but has some coconut trees that provide lim-
ited shade, much used by local formal and informal beach commerce (beverages and snacks). 
The presence of coconut trees provides some relief from the sun until the early afternoon, 
after which buildings shade the beach (backshore). This is the reason why green areas have 
been used for moderating urban climate all over the world in recent years. Also, coconut trees 
are responsible for providing the feeling of tropical beach that sellers want to associate with 
their products. Therefore, in addition to physical comfort, they compose a landscape in agree-
ment with users’ desires, promoting psychological well-being.

Portugal has a longer history in relation to the planning of its coast when compared to 
Brazil. The first instrument is the Royal Decree of December 31, 1864, which establishes 
the Public Maritime Domain (MPD). This is now reflected in ever-changing and evolving 
models for the development and management of the coast, especially in continental Portugal. 
At Rocha Beach, commerce is well-organized and follows norms from the Coastal Zone 
Management Plans (POOCs) (Decree 309/93). However, relative to green areas, there is no 
specific regulation, and it approaches the same vulnerable situation as Boa Viagem Beach.

The green areas in Boa Viagem Beach are small patches, and a major area of mangrove-
flooded swamp that recedes rapidly at the rear of the neighbourhood. At Rocha Beach, there 
are four green areas (Fig. 2). These are the most representative green areas that were detected 
in both study areas. A more detailed work scale could reveal individual trees on the pave-
ments, flower/grass beds along avenues and around buildings used by residents and tourists. 
However, the objective of achieving better urban environments does not result from individ-
ual trees and grass beds, but from the maintenance of much larger patches with full ecological 
services being provided to the surrounding city. In both study areas, it is shown that these 
significant spaces are shrinking rapidly, in the timescale of less than a lifetime, to make room 
for more buildings and roads (Fig. 3), which could already permanently compromise the 
quality of life of the present and next generation.

In relation to the interviews, the decrease in green areas and environmental quality was 
a transversal preoccupation across all involved from both study areas, independent of their 
profile in relation to urban changes.

‘This is an aspect (green areas) that concerns the public sector. However, the real state 
sector, the population, and even researchers, agree that it does not serve public use, but the 
maximization of business interest’ IBVB5.
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The common opinion is that green areas are essential to moderate air temperature change 
and that they are good for sports activities. Another aspect is the conviction that the crea-
tion/construction/maintenance of these green areas is the responsibility of public authorities 
exclusively.

The Intervieweds, in the public power, when questioned about this fact they always 
answered that ‘the public administration should work to benefit the population, but the 
new administration is failing to promote change concerning green areas’ IRB10, thus the  
government know the problem, but the actions of different administrations do not resolved 
the problem.

The associated question in Boa Viagem Beach answers that this is less important; for them 
the problem is related to public power and real estate. ‘The public administration counts on 
the assistance of residents who seldom do the right thing about the building of green areas on 
their properties. They plant a couple of trees and a bit of grass where no one else has access’ 
IBVB 07. ‘Local regulation demands all new property to have at least 10% of green area’ 
IBVB15. This shows that for the associations there is complicity relationship between the 

Figure 3:  Evolution of vertical growth and green areas from 1960 to 2013 in (a–d) Boa 
Viagem Beach and (e–h) Rocha Beach. The different colours of the buildings 
represent their years of construction.
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government and real estate. This work that make associate management, which is normally 
disregarded by planning authorities, is important for urban planning. The city organization is 
the result of the contribution of all those involved.

The real estate group are more pragmatic and say ‘real estate always does what is deter-
mined by public regulation… If semi-permeable pavement is more convenient for parking 
areas, it will be used since this type of finishing is considered a green area’ IRB01. In another 
place, about of the similar theme ‘we have to think better about the city. Today, Recife is 
going through a complicated urbanization process. The government alone is unable to man-
age the city. We, real estate businessmen, can help as partners. But there are many things we 
have to do, for example, forbid homeless people to build in green areas (over land and water) 
or to invade public and private property’ IBVB11. Here, the concern is of the real estate not 
the green areas or the comfort of the population, but that business has protection from the 
public power.

Local people have another consideration, because this group live with all the time. ‘The 
population suffers from the absence of green areas, having no place to go in the neighbour-
hood for a walk or a dip, the only option being the sea. I was in Barcelona last year, and 
walked along a reorganized area near the beach ... There was a large park with playgrounds, 
trees, jogging track ... I thought the same could be made here in Boa Viagem, and other 
areas in our neighbourhood’ IBVB13. Here the local people show disenchantment with the 
use of the city as a commodity. ‘It occurs because the city’s green areas are used for real 
estate speculation. People are often deceived when buying an apartment. The whole idea is 
that the surrounding landscape will never change. But, in reality, after they sell, the public 
administration suddenly becomes responsible for the view’ IRB14. This is happens because 
the real estate speculators have no control, and the interest is higher than the welfare of local 
residents.

Criticism of the system is interpreted by research groups: ‘Even with all the technology 
and space available, the public administration has no interest in building parks and taking 
good care of them… There are many places around Recife that are totally abandoned, or 
under-used as natural urban habitats, except for irregular activities and drug abuse’ IRB15.

4 DISCUSSION AND CONCLUSION
The present work created an opportunity successfully to link ground data (quantitative) and 
perceptions from different and relevant participants (qualitative). This is important, as a link 
between these two types of information needs to be made, preferably at the planning stage of 
coastal cities and their neighbourhoods. Residents, living in the urban space or studying its 
changes, are the best agents to spot opportunities for land use, and to translate it into social 
welfare. Their sensibility could be used to locate housing, infrastructure and green areas.

The continuing increase in the number and size of cities and the ensuing transformation 
of natural landscapes on different scales pose significant challenges for reducing the rate of 
biodiversity loss and related ecosystem functioning, and ensuring human welfare [2, 9the 
provision of urban green areas is approached from a social perspective, as public spaces 
for recreation and sports activities, regardless of the environmental and economic benefits 
they can provide from a sustainable development perspective. The planning of urban green 
areas requires a set of conditions in order to be successful, among which are: an updated 
regulatory framework, adequate financial resources, technical knowledge of the appropriate 
plant species and the effective participation of the community. However, without a complete 
and classified inventory of the existing green areas, any planning is unfeasible. Therefore, 
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this paper presents the first stage of the study of urban green areas in a city of the State 
of Baja California, Mexico, developing firstly, a review of the regulatory framework and a 
redefinition of the concept of urban green areas that takes into account the basic dimensions 
of sustainability, and on the other hand, it proposes a general classification of urban green 
areas that includes all types of open spaces with vegetation: both for public and private use, 
subdivided into systems and subsystems, which were the basis for the identification, classi-
fication and quantification of urban green areas, using Quickbird multispectral images of 2.6 
m resolution and applying the Normalized Difference Vegetation Index (NDVI]. The term 
‘green areas’ in the cities this study is a mistake, the correct use this term ‘green areas’ should 
be related to gardens, parks with plants, animals and microorganisms. This biodiversity can 
be used by residents of the zone and the ecosystems, and the services that they can provide.

 Urbanisation and soil-sealing provoke changes, predominantly a decline, in species 
diversity and human well-being in cities [2]. Other types of change – vegetation in urban 
areas – can be reoffered as green spaces (e.g. trees, grams, bush and flowers beds in avenues 
or private buildings). Therefore, there should be a different classification for green areas in 
the two studies. Certainly there would be a better notion of what use they would be to resi-
dents. For example, the study area of Rocha Beach is presented without green spaces (Fig. 4). 
Note that there are only four green areas for use by residents. However, only two gardens are 
open to residents (on the beach cliff, and to the north of the study area). The other two areas 
are on private land without access to inhabitants (the east) and the last was granted to the 
town hall to build a park with other general public facilities (soccer field, basketball, tennis, 
among others).

Another important aspect in that have attention is the evolution of the transformation of 
natural landscapes, is the fact of Boa Viagem Beach (Fig. 3). The urban vertical growth was 
rapid and destroyed the coastal landscape. The mangrove swamp disappeared, with the years 

Figure 4: The study area of Rocha Beach whit the useful green areas.
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and the construction of urban buildings. The result, as pointed out in the semi-structured 
interviews, was the creation of a cluster of skyscrapers that today constitute a complicated 
urban arrangement. The Secretariat of Environment and Sustainability of the City of Recife 
has classified all green spaces so that the calculations of the green areas (Table 2) obtain a 
high index figure; but if one looks closer, to the local reality we see that in the area of study 
of Praia de Boa Viagem has almost no green areas, and those that might be possible are in a 
very bad state of preservation.

The importance of the ‘green areas’ study is related to improving the quality of life of 
the inhabitants. Many point out that green areas provide ecosystem services, which include 
reduction of air pollution, reduction in the heat island, benefits to health (which make cities 
more sustainable), and with the use of the green areas inhabitants are more sociable.

Lastly, it can be emphasized that the use of the term ‘green areas’ deserves to be high-
lighted as note for a correct use for a better designation of these areas, in the cities and 
especially in the coastal zones. Thus the elaboration of the indices of green areas could be 
better represented and adequate the reality. Another important aspect of green areas should 
also include qualitative use and constant conservation.

Considering the complexity of today’s society, exposed to increasingly artificial environments, 
the urban planning should find seek solutions ways to prevent the decline of environmental 
quality in the city in general and special attention of coastal zones. Coastal areas, as pointed out 
by the interviewed, require regular greater environmental comfort protection, and with larger 
green areas for the leisure and sociability and pleasure of appreciate the views and the nature by 
the inhabitants and tourists. This study approaches the analysis of green areas in two different 
countries and contributes to the knowledge and possible improvement of the conditions quality 
of life of the two cities.
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ABSTRACT
Many uses of land, such as for building and all kinds of infrastructure, are concentrated in the metro-
politan areas of coastal cities. Often, urban and infrastructure uses are dispersed across the territory, 
generating situations of urban sprawl. In addition, especially in coastal areas, new urban expansion 
and new infrastructures are in conflict with other uses, such as for agrological areas, beaches or natural 
areas. In general, the best agricultural zones on the Mediterranean coast are next to the sea. The more 
important touristic areas are also next to the sea. Therefore, contradictions between sustainability and 
development are very intense. All these conditions take place in the metropolitan area of Valencia. 
Now, regional government wants to develop a metropolitan plan to generate an equilibrium between the 
different uses and to reserve areas for new urban use and infrastructure. In reality, the area’s population 
is now stable but, for economic activities to be competitive, new usage is required as logistic areas or 
to increase the rail network. A global vision is also needed for urban transport in the metropolitan area. 
On the other hand, the environmental impacts of current and planned uses can be significant. Moreover, 
the perception of environmental impacts has changed over time. It is necessary to preserve areas, such 
as agricultural areas or natural areas, but it is also necessary to produce the quality of landscape per-
ceived by visitors or to generate a green infrastructure network, according to European policy. Finally, 
we must integrate all these elements with current and new urban and civil infrastructure uses through a 
public decision-making process. The objective of this paper is to introduce a methodology to integrate 
the process of public environmental assessment on the works to elaborate a metropolitan plan for a 
coastal city such as Valencia (Spain) next to the Mediterranean Sea.
Keywords: green infrastructure, landscape and urban planning; regional planning, strategic  
environmental assessment.

1 INTRODUCTION
In the 21st century in particular, and during the urban expansion period of 1997 to 2007 and the 
period of the real estate crisis from 2008 to the present, metropolitan areas have increased in 
surface area and decreased in density. According to Wheeler [1], who studied the dynamics of six 
metropolitan regions of the US in the period 1980–2005, the dynamics were characterized by:

•	 A very large increase in their urbanized areas and a very large increase in the surface of 
metropolitan areas.

•	 An important decrease in density, of both population and houses, in metropolitan regions.

In Spain, between 1997 and 2007, there was an expansive economic cycle based on real 
estate speculation that ended with the economic crisis, which began in 2008 and still  
continues today [2], with special consequences for touristic coastal zones [3].

Feria and Martínez [4] studied the dynamics of metropolitan areas of Spain between 2001 
and 2011. They observed that, in the case of Spain, metropolitan areas increased their popula-
tions during the period of the real estate bubble, as you can see in Table 1, but, in the crisis 
period, their population stopped or decreased. They think that this trend will continue. Nev-
ertheless, the process of metropolitan area expansion and urban sprawl persists and densities 
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continue decreasing. That is the case of the metropolitan area of Valencia, a metropolitan area 
next to the Mediterranean Sea.

Therefore, it is necessary to understand the new reality of metropolitan areas in order to 
generate policies to improve sustainability in the metropolitan territory through a new kind of 
planning [5]. In this situation, it is essential that environmental issues are part of the process 
of strategic environmental assessment.

In the metropolitan area of Valencia, different borders can be identified in function of dif-
ferent criteria. According to the Valencian Community’s Territorial Strategy [6], that 
stablishes different criteria that Feria, the functional area of Valencia covers an area of 
3897 km2 with a population of 1,774,550 inhabitants in 2015. The area includes 90 munici-
palities. Figure 1 shows the surface occupied by the metropolitan area, according a study 

Figure 1: Metropolitan area of Valencia. Source: UDR F. Eiximenis.

Table 1: Population evolution of metropolitan areas of Spain. Source: Feria and Martínez [4].

2001 2011

Metropolitan area Municipalities Population Municipalities Population

Madrid 172 5,623,784 172 6,729,769

Barcelona 130 4,340,618 139 5,088,201
Valencia 74 1,594,762 80 1,935,363
Sevilla 49 1,369,708 51 1,581,798
Málaga-Marbella 29 1,000,900 25 1,239,954
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realized by the author’s research team, UDR F. Eiximenis, in 2003. The current surface of the 
metropolitan area is very similar to that of 2003.

In 2005, the population of this area was 1,740,335 inhabitants, increasing to 1,807,826 in 
2015, according to the data of the Initial Document for Strategic Environmental Assessment 
or the Draft Plan of the Metropolitan Plan of Valencia [7]. In addition, there are 895 ha of 
urbanized land, with the capacity for 22,375 new homes, and 1280 ha of commercial and 
industrial urbanized lands, with the capacity for 51,200 new employees.

Therefore, the metropolitan area underwent a moderate increase between 2005 and 2015. 
However, as shown in Table 2, the artificial surface has undergone a large increase, according 
to Boira [8].

In addition, there is an important amount of land prepared for urban development, as 
shown in Table 3. With an average density of 25 homes/ha, land planned for residential devel-
opments in urban plans (urbanizable lands) has the capacity for about 150,000 new homes or 
375,000 inhabitants. On the other hand, land for economic activities, with a ratio of 40 
employees/ha, has the capacity for about 138,000 new employees.

All this means that, although population is not growing very much, urban use is increasing 
in a very intensive way. Urban expansion in the metropolitan area of Valencia has taken place 
in the form of urban sprawl, as can be seen in Fig. 1. This involves an increase in the cost of 
municipal public services [9, 10]. In addition, this intensive process of urban expansion and 
sprawl produces important environmental impacts.

2 CONFLICTS BETWEEN USES IN THE COASTAL AREA OF VALENCIA
The coastal area of Valencia, as in the case of many coastal areas, is very complex. Many uses 
are in clear competition with each other and, thus, generate conflict. In the following points, 
the most important uses are analysed in a synthetic form.

2.1 Agricultural land

Valencia is located in the centre of a large expansion of high-quality agricultural land: the 
Horta of Valencia [11]. The climate of the Mediterranean coast of Spain is hot and dry. With 

Table 2: Population evolution and artificial land (technical terminology of the CORINE 
 database) of Valencia Urban Region (1990–2006). Source: Boira [8].

Artificial land (ha) 1990 2000 2006

Valencian Community 73,335.28 109,612.90 125,794.52

Valencia Urban Region 28,116.76 36,363.74 41,766.75

Table 3: Land for urban development. Source: GVA [7].

Urbanizable land Surface (ha)

Residential 6138.86

Public facilities 1987.26
Economic activities 4464.07

– Industrial 3468.74
– Tertiary 995.33

Total 12,590.19
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this climate, if water is available for irrigation and the soil is suitable, coastal plains develop 
highly productive agriculture. That has been the case in Valencia for a long time. Agricultural 
activity is historical, and the medieval institution of the Water Court, declared a UNESCO 
World Heritage site, resolves problems between farmers: in general, problems about water 
management and irrigation. The surface of the irrigation zones has historically been exten-
sive, covering about 23,000 ha. Nevertheless, until now, about 13,000 ha of irrigation zones 
have been transformed by an irreversible process of Valencia’ urban expansion and the sur-
rounding municipalities. The rest is now in the process of being protected, along with other 
nearby irrigated areas.

2.2 Albufera lake

On the south coast of Valencia, there is the Albufera Natural Park of Valencia. Most of this 
area has been protected since 1986 [12]. In the geographical area of the park, several activi-
ties coexist:

•	 A wetland ecosystem of international level that is a resting place for birds migrating from 
Europe to Africa.

•	 An area especially capable of cultivating rice around the lake; this involves specific man-
agement of both water and the water levels of the lake.

•	 Tourist activity, in general in the whole area and in particular along the coast.

2.3 Tourist activities

Tourist activity is very intense along the entire Spanish Mediterranean coast. This activity 
is particularly important in Valencia [13]. In the metropolitan area, tourist activity is 
located in Valencia City in the form of urban tourism, on the north coast and, finally, on the 
south coast, inside the Natural Park of Albufera. Urban tourist development can produce 
important environmental impacts [14], a consequence of which is the degradation of the 
tourist activity itself. The motorway and roads that provide access to the tourist beaches 
located in the park form a hard barrier for the ecosystem and produce high mortality among 
the fauna.

2.4 Seaport activity

The seaport of Valencia is one of the most important on the Mediterranean Sea [15]. It was 
the busiest Mediterranean seaport for container traffic in 2015. The port needs specific facili-
ties located inland for managing freight, especially road and rail infrastructure to provide 
access to the port and its logistic areas. These demands condition the planning of the metro-
politan territory. There are physical limits to the extension of the port: to the north lies 
Valencia’s beach and to the south, the Natural Park of Albufera.

2.5 Land that is urbanized land but not built on

During the period of the real estate boom, a great deal of land was developed but not built on. 
In the metropolitan area of Valencia, there are 895 ha of residential land, with the entire infra-
structure completed but without buildings, having the capacity for 22,375 new houses; there 
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are also 1280 ha of commercial and industrial land with the capacity for 51,200 new employ-
ees [16]. So, the capacity for new houses and economic activity is very high.

2.6 Land planned for urban development (urbanizable land)

On the other hand, and in addition to the above figures, the municipalities of the metropolitan 
area have currently planned 22,637 ha of urban land (land already built) and 12,509 ha of land for 
urban development (urbanizable land) [16]. Land for urban development has the following des-
tiny: 6138 ha are residential land with the capacity for about 150,000 new houses with an average 
ratio of 25 houses/ha; 3468 ha of land are for economic activity, commercial and industrial, with 
the capacity for about 138,000 new employees with a ratio of 40 employees/ha. Obviously, a 
great amount of this land planned for urban development is completely unnecessary.

2.7 The mediterranean corridor

The Mediterranean Corridor is a strategic project to connect the whole EU through transport 
infrastructure, for freight and passengers, from the south to the north. This corridor has been 
promoted by the FERRMED lobby [17] since 2004. The corridor runs along the entire 
Spanish Mediterranean coast and therefore goes through Valencia to connect to the seaport. 
Consequently, it is necessary to plan the infrastructure to support the servicing of this  
corridor in the future.

2.8 Land demanded for new uses (logistic areas)

Due to the global expansion of economic activities, logistics have become very important. 
Transport logistics demand large spaces for the transfer of goods between different transpor-
tation modes and also for their storage and distribution. It is necessary to plan these spaces in 
adequate locations.

3 REGARDING THE SUSTAINABILITY OF THE TERRITORY
Environmental impacts produced by urban usage in the territory may be caused by two  
possible processes:

•	 land transformation from rural usage to urban or artificial usage

•	 economic and social activities (residential, commercial, industrial, transport…)

The main characteristic of urban or artificial usage taking place in the territory is irreversibil-
ity. So, when rural land is transformed into urban or artificial land, the possibility of reversing 
the action is extremely low and, usually, very expensive. As a result, in fact, it is impossible 
to reverse the destruction of rural usage when it is transformed into urban usage.

On the contrary, economic and social activities produce environmental impacts that, in 
general, can be corrected or reversed by the appropriate technology.

Thus, from the point of view of regional planning, to achieve sustainability, society must 
achieve a distribution of land usage to keep natural resources that produce the goods and 
services necessary for social and economic activities and not destroy them by irreversibly 
transforming these rural uses into urban usage. These natural resources are the so-called 
Natural Capital.
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According to the well-known theory of the ecological footprint and the Living Planet 
Report, published by the World Wildlife Fund every 2 years [18], social and economic activ-
ities consume the natural resources produced by a certain surface of the planet and produce 
pollutants that are absorbed by a certain surface of ecosystems. The total surface is the eco-
logical footprint. Now then, it is possible to consider the same concept from another point 
of view. It is possible to consider that the surface of the ecological footprint is also the sur-
face needed for society to maintain its level of social and economic activity. In this sense, 
the ecological footprint is also the ecological larder. If we want to maintain social and 
economic activities, we must maintain the surfaces that produce the environmental goods 
and services necessaries for activities of society, that is, the ecological larder or Natural 
Capital. Not all territory produces environmental goods and services nor the same intensity. 
The vulnerability of a certain zone against a concrete urban use (such as general urban use, 
facilities or industries) measures the destruction of Natural Capital if that use is located in 
that zone.

On the other hand, to consider the sustainability of uses in the territory, it is also necessary 
to consider the economic costs necessary to build safely against risks. In this case, the prob-
lem is not the destruction of environmental values but the destruction of buildings if they are 
built in these zones, or the construction costs. The capability of a certain zone of territory for 
a concrete urban use (such as general urban uses, facilities or industries) refers to its suitable 
conditions for building safely without excessive costs.

From the two previous points of view, for the conservation of Natural Capital and for 
safety, a third option can be added: the green infrastructure. The green infrastructure adds the 
idea of a network.

The European Commission [19] defines Green Infrastructure (GI) — Enhancing Europe’s 
Natural Capital, as a strategically planned network of natural and semi-natural areas with 
other environmental features designed and managed to deliver a wide range of ecosystem 
services. It incorporates green spaces (or blue if aquatic ecosystems are concerned) and 
other physical features in terrestrial (including coastal) and marine areas. On land, GI is 
present in rural and urban settings.

In fact, green infrastructure produces a system of interconnected open spaces and, conse-
quently, ecosystems are not isolated. This implies the necessity to identify the connections of 
areas between open spaces and to plan them as undevelopable land.

And finally, it is still possible to consider another point of view: that of the landscape. 
People look at the territory and have a view of the landscape. This view is important because 
people often value the territory according to the landscape. It is possible to design the land-
scape based on the three perspectives previously mentioned. In this sense, the landscape will 
be an integration of all the territory’s sustainability points of view.

4 OBJECTIVES
The author’s research team, UDR F. Eiximenis of Universitat Politècnica de València (Spain), 
developed in 1996 a method for the evaluation of the aptitude of the territory for urban uses, 
named the Method of Aptitude for Sustainable Urban Development (hereafter, method 
ASUD).

The research team is now working to update the method [20]. The objective of this article 
is to show a proposal for the planning of metropolitan coastal areas in order to optimize the 
territorial environment in the Strategic Environmental Assessment process developed for the 
case of Valencia.
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5 PLANNING METROPOLITAN COASTAL AREAS TO OPTIMIZE THE 
ENVIRONMENT IN THE PROCESS OF STRATEGIC ENVIRONMENTAL 

ASSESSMENT
In the European Union, the Strategic Environmental Assessment (SEA) is a public participa-
tion process in decision-making about the environmental consequences of programmes and 
plans [21]. The general SEA procedure, after the screening process, is as follows:

The SEA procedure can be summarized as follows: an environmental report is prepared in 
which the likely significant effects on the environment and the reasonable alternatives of the 
proposed plan or programme are identified. The public and the environmental authorities are 
informed and consulted on the draft plan or programme and the environmental report 
prepared.

The environmental report and the results of the consultations are taken into account before 
adoption. Once the plan or programme is adopted, the environmental authorities and the 
public are informed and relevant information is made available to them. In order to identify 
unforeseen adverse effects at an early stage, significant environmental effects of the plan or 
programme are to be monitored.

According to Valencian laws, the process has the following phases:

•	 Declaration of the start process for the elaboration of a plan or programme

•	 Elaboration of the initial document of the plan or programme or draft plan/programme

•	 Elaboration of the plan/programme

•	 Elaboration of the environmental report of the plan/programme

•	 Public participation in decision-making

•	 Analysis of public participation process, modification of the plan or programme, if  
necessary, according to suggestions, and response to stakeholders

•	 Elaboration of the final document of the plan/programme

•	 Elaboration of the Environmental Declaration

•	 Communication and public exposition of final documents.

In this process, the Environmental Report must focus on the likely significant effects on the 
environment produced by the plan. Depending on the type of plan, the significant  
environmental effects will be one or the other.

In the case of territorial plans, most of the significant environmental effects are produced 
by the transformation of rural to urban land usage. The Method of Aptitude for Sustainable 
Urban Development (ASUD) allows the identification of rural lands that must not be  
transformed into urban or artificial land, from a sustainable point of view.

This method allows the measurement of the aptitude of each homogeneous zone for differ-
ent urban uses, depending on the zone’s capability for and vulnerability to different uses. In 
Valencia, capability is a function of the variables that can condition or determine the location 
of the use in the zone: slope, soil resistance, flood risk, landslide risk. For all variables, the 
homogeneous zones are classified into three groups:

A. Zones that do not present limitations for urban use, according to the variable considered.
B. Zones that present limitations for urban use, according to this variable, but can be  

corrected at reasonable cost.
C. Zones that present strong limitations for urban use, according to this variable; the problem 

cannot be corrected or its correction is too expensive.
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These situations can be mapped for each variable. If different maps are overlapped, the 
result will be an integrated map of capability with all situations A, B or C.

On the other hand, vulnerability is a function of environmental variables that can be 
impacted if the urban or artificial use is located in the zone: agricultural lands, forest, vulner-
ability of aquifer and protected areas. In fact, all those variables are part of the Natural 
Capital. Also, for all variables, the homogeneous zones are classified into three groups:

A. Zones that are not part of the Natural Capital.
B. Zones in which some environmental variable can be impacted, but the impact can be  

corrected at reasonable cost.
C. Zones in which the transformation to urban land implies the irreversible destruction of 

the Natural Capital.

These situations can also be mapped for each variable. If different maps are overlapped, the 
result will be an integrated map of vulnerability variables with all situations A, B or C.

The final aptitude of each zone for each urban use will be obtained by overlapping the 
capability and vulnerability maps for each urban use. This final map identifies the zones that 
must be preserved from urban development. That is, a map of open spaces or a map of a  
system of open spaces with different functions, such as an ecological larder or safety. All this 
analysis is performed by using Geographical Information System (GIS).

This map will be completed by functional and ecological corridors which also must be part 
of green infrastructure. The main hydrological network is a good lineal space, free of  
urbanization, to connect the open spaces between that.

It is also possible to use algorithms to identify better points to connect open spaces. For 
example, it is possible to calculate an ‘index of permeability’ of points of the territory, based 
on land use, orography and distance to roads. When a zone has a natural or similar use, the 
slope is medium or high and the distance to roads is high, the theoretical permeability for the 
connection of zones is higher. According to these variables, it is possible to create numerical 
criteria about the degree of compliance of each variable and, in consequence, the theoretical 
grade of connection between the different zones. Of course, these resulting zones must be 
contrasted with real experience. These must be protected and added to the protected areas and 
open spaces to generate a network.

Finally, it will be necessary to integrate the perception of the landscape by the considera-
tion of two issues:

•	 Identification of landmarks and scenic views (elements observed).

•	 Identification of viewpoints and scenic ways (observation points).

These perceptions must be considered in order to protect the views.
The integration of all concepts will produce a complete green infrastructure. All integrated 

analyses are performed by the use of GIS. This green infrastructure will be the basis for  
protecting the territory from new urban and artificial usage. Of course, these new uses or the 
renovation of old uses will create new landscapes.

6 CONCLUSIONS
Sustainability is a general and complex concept. Therefore, it is possible to study the sustain-
ability for different elements or activities. Particularly, it is possible to apply the concept to 
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the territory. In fact, all human activities are produced in the territory. The study of territory 
always requires a geographical vision. Historically, the society have used the territory like 
object to extract profit. However, at present the territory is very artificial or urbanized, espe-
cially in metropolitan areas, and often makes degraded landscapes. On the other hand, the 
expansion of urbanized lands and the stop of population’ growth forces to act on urbanized 
land to implement new urban uses and to avoid more expansion of urban sprawl. Accordingly, 
it is necessary the application of a new territorial quality concept in planning processes and 
Strategic Environmental Assessment.

Green infrastructure is a very useful concept. In current metropolitan areas situation, green 
infrastructure must be considered prior to metropolitan planning of urban and artificial uses 
in order to maintain historical landscapes but also to make new quality landscapes.

As a result of research, Green infrastructure can be determined as the integration of the 
land’s aptitude for different urban and artificial uses (capability + vulnerability), functional 
and ecological corridors and landscape-views (elements observed + observation points). 
Note you that vulnerability concept includes the Natural Capital to preserve for the future. 
Therefore, this key aspect is integrated in the methodology.

The whole analysis is essentially geographic. Because of this, the use of Geographic  
Information Systems is especially indicated as operational instruments.

Determination of the green infrastructure is an objective process to apply sustainability 
concept on land transformation from rural into urban and artificial usage through regional 
planning.

This process of determining the green infrastructure allows the creation of an alternative to the 
territorial model with sustainability criteria in the Strategic Environmental Assessment process.

Finally, as it is known, regional planning have as objectives, among others, maintain  
natural resources (as a part of green infrastructure) and design new urban uses in zones 
already urbanized or not. Well, the concept of green infrastructure also allows to design new 
landscapes specially in border areas between new urban and artificial uses and natural areas 
or when green infrastructures crosses urban areas.
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ABSTRACT
Much of Australia regularly experiences extremes of drought and flooding, with high variability in 
rainfall in many regions of the continent. Development of reliable and accurate medium-term rainfall 
forecasts is important, particularly for agriculture. Monthly rainfall forecasts 12 months in advance 
were made with artificial neural networks (ANNs), a form of artificial intelligence, for the locations 
of Bathurst Deniliquin, and Miles, which are agricultural hubs in the Murray Darling Basin, in south-
eastern Australia. Two different approaches were used for the optimisation of the ANN models. In the 
first, all months in each calendar year were optimised together, while in the second approach, rainfall 
forecasts for each month of the year were made individually. For each of the three locations for most 
months, higher forecast skill scores were achieved using single-month optimizations. In the case of 
Bathurst, however, for the months of November and December, the root mean square error (RMSE) for 
all-month optimisation was lower than for single-month optimisation. The best overall rainfall forecasts 
for each site were obtained by generating a composite of the two approaches, selecting the forecast for 
each month with the lowest forecast errors. Composite model skill score levels of at least 40% above 
that of climatology were achieved for all three locations, whereas skill level derived from forecasts 
using general circulation models is generally only comparable to climatology at the long-lead time of 
8 months.
Keywords: artificial neural network, flooding, forecast, Murray Darling Basin, rainfall, skill score.

1 INTRODUCTION
The Murray Darling Basin (MDB) covers 1,059,000 square kilometres, or 14% of Australia’s 
land area, and contains a large proportion (65%) of the irrigated land. The MDB accounts for 
more than half of Australia’s total water use, of which more than 80% is used by agricultural 
industries [1], generating nearly 40% of the value of agricultural production of Australia. 
Over the past several decades, competing requirements of agriculture and the environment 
have led to difficulties in formulating water policies for the region [2, 3]. This issue is exac-
erbated because the natural climate of the region is characterized by periods of extreme 
drought, followed by periods of heavy rainfall [4]. It would be beneficial for both policy mak-
ers and farmers if more accurate medium-term rainfall forecasts were available, particularly 
at long lead times [5–8]. However, most attempts to forecast rainfall with long lead times 
have resulted in models with poor predictive skill [9, 10] often only comparable to, or below, 
climatology.

Two principle approaches have been applied to medium-term rainfall forecasting: statisti-
cal models [11, 12] and general circulation models (GCMs) [13]. These approaches have 
been more commonly used to produce seasonal forecasts, and less extensively for monthly 
rainfall forecasts. Statistical models typically use a set of lagged input variables to compute 
desired output rainfall, usually large-scale climate variables or indices [14–17].
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Artificial neural networks (ANN), a form of machine learning, can be classified as a type 
of statistical model that offers several important advantages over the more simple statistical 
models traditionally used. ANNs have the capacity to accommodate non-linear relationships, 
and the flexibility in testing multiple inputs, particularly where their influences may be due to 
combinations of drivers that interact in poorly understood ways. Preliminary research sug-
gests ANNs have the potential to produce skilful seasonal and monthly rainfall forecasts in 
many parts of the world [18, 19] including Australia [20–23]. Forecasts from GCMs, how-
ever, are used to produce the operational medium-term rainfall forecasts issued by the 
Australian Bureau of Meteorology (BOM), despite evidence that these forecasts are typically 
less skilful, and despite substantial efforts to enhance performance over many years [24, 25].

Currently operational medium-term seasonal rainfall forecasts issued by the BOM use out-
put from a GCM, the Predictive Ocean Atmosphere Model for Australia (POAMA) [10, 13]. 
Prior to May 2013, operational rainfall forecasts generated by the BOM were produced by 
simple statistical models that used only four input values for the entire continent. These inputs 
were derived from two lagged sea surface temperatures, SST1 and SST2 [11, 12] relating to 
the Pacific and Indian oceans respectively. Both of these sea surface temperature model inputs 
were lagged by one and three months. In reviewing the performance of this simple statistical 
model, Fawcett and Stone [12] described the skill level demonstrated for seasonal rainfall 
forecasting as “only moderate, better than climatology or randomly guessed forecasts”.

Risbey et al. [16] examined concurrent relationships between seasonal rainfall over Aus-
tralia with individual ENSO-related drivers additional to Southern Oscillation Index (SOI), 
including the ENSO Modokai Index (EMI) Niño 3, Niño 3.4 and Niño 4, which are all meas-
ures of sea surface temperature (SST) difference in the equatorial Pacific. Other non-ENSO 
indices considered were the Indian Ocean Dipole (DMI), the Southern Annular Mode (SAM) 
and the Madden-Jullian Oscillation (MJO). Risby et al. [16] found that analysis based on 
linear correlations between rainfall and individual drivers could only generate crude indica-
tions of the relative importance of individual climate indices, and did not account for possible 
interactions. Nevertheless, their results indicate which individual driver might be more sig-
nificant for determination of seasonal rainfall throughout Australia. SOI was most the 
influential in northern parts of Queensland. For south east Queensland, the identity of the 
dominant index was more variable, and depended on the season. Many other studies have 
reported on the relationships of ENSO-related indices to rainfall in eastern Australia [15, 
26–28]. There is also evidence that the relationship between ENSO and rainfall is modulated 
by the phases of the Inter-decadal Pacific Oscillation (IPO) [29–31] and when the IPO is in a 
negative phase, the impact of ENSO on rainfall is enhanced [32].

A strong concurrent relationship between rainfall and a particular input variable does not 
necessarily translate into a strong lagged relationship [14]. It is lagged relationships that are 
essential for forecasting. Chiew et al. [33] examined linear correlations between rainfall and 
ENSO indices (SOI and SSTs) for the Queensland region, including lagged relationships. 
The strongest linear correlations, r above 0.4, were found for spring rainfall. The geographi-
cal coverage and intensity of the strongest correlations declined as lags were progressively 
increased from 0 to 1, 2 and 3 months. Correlations with summer rainfall were less expansive 
geographically, and these also diminished with lag time. Kirono et al. [34] investigated linear 
correlations between 12 individual climate indices, lagged for 1 or 2 months, and seasonal 
rainfall across Australia including SOI, Niño 3, Niño 4, DMI, SAM. Results for south-east 
Queensland exhibited the sporadic influence of individual lagged climate indices.
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Schepen et al. [14] estimated the influence of 13 individual lagged climate indices on sea-
sonal rainfall for geographical grid areas across Australia. The indices studied included SOI, 
Niño 3, Niño 3.4, Niño 4, DMI, EMI, and also the Indian Ocean East Pole index (EPI) at lag 
periods of 1, 2 and 3 months. The variability in the strengths of relationships between lagged 
climate indices, and rainfall was calculated by using the pseudo-Bayes factor that can accom-
modate non-linear relationships. This factor is probably more useful in providing a measure 
of the strength of rainfall–input relationships than the Pearson correlation coefficient (r). 
However, evaluations using the pseudo-Bayes factor are still potentially limited in that they 
evaluate each rainfall–input relationship in isolation from the effect of other inputs. This may 
not give a true indication of a specific input’s influence when introduced in combinations 
with other inputs.

This study builds on a previous investigation using ANNs [35] where monthly rainfall 
forecasts were made for Miles in Queensland with lead times between 1 and 9 months. In this 
study, two additional sites in the Murray Darling are considered, Bathurst and Deniliquin, 
both in New South Wales. This study also presents results for optimisation of ANNs for indi-
vidual months, whereas the previous study was limited to optimisation of all months together.

2 DATA AND METHODS
The three stations forecasted for in this study included Bathurst Agricultural Station, 
Denilquin, and Miles Post Office all of which began collecting data in 1908, 1858, and 1885 
(respectively). Each site is also in close proximity to a 250 km × 250 km grid area where 
comparative monthly forecasts have been published using the GCM POAMA [10].

Each location is still operating as a weather station today, and data from these stations 
located within the Murray Darling Basin (Fig. 1) was used in the ANNs.

Figure 1:  Map showing locations of Bathurst, Deniliquin and Miles within the Murray 
Darling Basin.
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Local minimum and maximum temperatures and a set of climate indices were input as 
monthly values to the ANNs. Previous investigations have shown that local temperatures and 
rainfall contribute as significant inputs to monthly rainfall forecasts for eastern Australia [20]. 
The climate indices used as inputs were the SOI, DMI, Niño 4, Niño 3.4, Niño 3, Niño 1.2 
and the IPO. As discussed above, each of these has been shown to have potential value as a 
predictor of future rainfall over eastern Australia, and because monthly values are available 
over a long historical period extending back as far as the observational rainfall records con-
sidered. Other climate indices that may be influential in the prediction of rainfall in south-east 
Australia were not used as inputs in this study because their availability is restricted to a 
shorter time period. For example, monthly values of the SAM are only available from the 
Climate Explorer website from 1957 onwards, whereas the other inputs used extend back for 
more than a century. The forecasts were run with the full set of inputs, and also local rainfall, 
with each lagged up to 12 months.

The total input data sets of monthly data used comprised: Bathurst (July 1909 to June 
2014); Deniliquin (January 1877 to June 2014); Miles (January 1888 to July 2011), (Table 1). 
The dataset considered for Miles was taken to mid-2011 because of gaps in the corresponding 
temperature series. For each site, the data were divided into training (75%), evaluation (15%) 
and test sets (10%). Test data sets used in training were not used in testing. 

Values for DMI and the four Niño indices were sourced from the Royal Netherlands Mete-
orological Institute Climate Explorer – a web application that is part of the World 
Meteorological Organisation and European Climate Assessment and Dataset project. Values 
for IPO were provided by the UK Met Office. Values of SOI, and also local minimum and 
maximum temperatures, were obtained from from the Australian Bureau of Meteorology.

All of the above climate indices with local rainfall and temperatures were provided as 
input to Neurosolutions Infinity software and used to build ANN models. Many different 
architectures of ANNs have been used to make forecasts of rainfall [18–23]. A common 
approach in the selection of an ANN architecture is through simple trial and error of can-
didate models [20–23] using a limited set of input data, and select the ANN that produced 
the minimum error. This model is then applied in the investigation with all the data input 
sets. This selection process can be a very time-consuming. The recently available software 
Neurosolutions Infinity gives access to many different ANN architectures, but has the facil-

Table 1: Initial input data sets used for ANN models and sources.

Input Lags (months) Source

Rainfall 12-24 Australian BOM

Maximum Temperature 12-24 Australian BOM
Minimum Temperature 12-24 Australian BOM
SOI 12-24 Australian BOM
IPO 12-24 UK Met Office
DMI 12-24 Climate Explorer
Nino 1.2 12-24 Climate Explorer
Nino 3 12-24 Climate Explorer
Nino 4 12-24 Climate Explorer
Nino 3,4 12-24 Climate Explorer
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ity to automate both selections of ANN architecture and input data. This offers a great 
advantage in terms of arriving at an optimum ANN configuration for every data set of inter-
est without a prohibitive time outlay. The Infinity program uses a pre-set formula 
incorporating RMSE, mean absolute error (MAE) and correlation coefficient (r) to evaluate 
the accuracy for each neural network model and a corresponding set of selected inputs 
tested. Based on this formula, the program determines which ANN model and set of inputs 
is optimal. For the datasets used in this investigation, the optimal ANN configuration auto-
matically selected by Neurosolutions Infinity was a probabilistic neural network (PNN). A 
PNN has four layers, an input layer, one hidden layer, a summation layer and an output 
layer. Each attribute considered was lagged up to 12 months. The data were divided into 
training (75%), evaluation (15%) and test sets (10%). RMSE and Pearson correlation coef-
ficients are used to compare the skill of rainfall forecasts generated by the ANNs, POAMA 
and also climatology [20, 36].

Two approaches were used for ANN optimization. With the first approach, designated as 
“all-month optimization”, data for all 12 months of the year was included as input and opti-
mised together, as in our previous studies [10, 11]. With the second approach, designated as 
“single-month optimisation”, forecasts corresponding to each calendar month were per-
formed individually, so that 12 optimisations were carried out to produce forecasts for the 
entire year.

Equation (1) was applied to give a forecast skill score relative to climatology:

 Skill score =
[RMSE (climatology) RMSE (model)] 

RMSE (clima

−
ttology)

* 100%  (1)

This is analogous to an equation used in studies where a skill score has been calculated for 
forecasts based on POAMA [10]. Applying this equation, it follows that if the calculated 
values of RMSE from climatology and for a particular model are equal, the forecast skill 
score will be zero. For a perfect model forecast, the RMSE for the model will be zero, and the 
calculated skill score will be 100%. Any negative values calculated from eqn (1) indicate a 
forecast skill score below that of climatology.

3 RESULTS AND DISCUSSION
Optimizations performed with Neurosolutions Infinity software to generate forecasts at the 
three sites produced optimised models regarding both the neural network architecture and the 
associated inputs. In each case, there were initially 120 lagged input variables available to 
relate to each required output rainfall value (Table 1). In all cases, the fraction of these input 
retained by the Infinity software in the optimised model was a small subset of the initial input 
set made available, typically only 5% to 10%. This is illustrated for single-month optimisa-
tions for Deniliquin in Tables 2 and 3, where each numerical entry corresponds to the lag 
period for the particular retained attribute.

RMSE values were calculated corresponding to each month of the year for test data using 
(i) all-month optimisation and (ii) single-month optimisation for Bathurst (January 2005 to 
June 2014), Deniliquin (July 2004 to June 2014) and Miles (August 2004 to July 2011) 
respectively (Table 4). Inspection of these values shows that for each location, for the major-
ity of months, higher skill was achieved using the single-month optimisation. Only in the 
case of Bathurst, for the forecast months of November and December did the all-month 
method produces lower errors, while for Miles and Deniliquin the single-month optimisa-
tions produced lower errors for all 12 calendar months.
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Composite forecasts were constructed by taking the best forecasts for each month from 
both methods. Therefore, composite and single month forecasts for Miles and Deniliquin are 
equivalent, whereas for Bathurst the composite forecast incorporates two months from the 
all-month optimisation.

Values of forecast skill were calculated using eqn (1) for Bathurst, Deniliquin and Miles 
corresponding to the composite forecasts (Table 5). Skill scores were above climatology for 
all forecast months at each of the three locations. Average skill levels, relative to climatology, 
in the range 42–48% are achievable for rainfall forecasts with 12 month lead time. Table 6 
shows the corresponding Pearson correlation coefficients between observed and ANN fore-
cast rainfall are in the range 0.80 to 0.98.

Table 2:  Retained input data for optimal neural networks for Deniliquin for single-month 
optimizations (January to June).

Input Jan Feb Mar Apr May Jun

Rainfall 12 12

Max T 20, 22, 24 19, 20, 23 14, 17 12, 13, 16, 18, 
21, 23

Min T 19 17 12, 22, 23
SOI 15, 17, 18, 20
IPO 19 13, 15, 18
DMI 13, 23, 24
Nino 1.2 13, 14, 24
Nino 3 12
Nino 4 13
Nino 3.4 12, 13, 14

Table 3:  Retained input data for optimal neural networks for Deniliquin for single-month 
optimizations (July to December).

Input Jul Aug Sep Oct Nov Dec

Rainfall 21

Max T 12, 13, 19 16 19, 20, 24
Min T 21 16 13, 15, 21 16, 18, 24 15
SOI 12 17, 19, 20 13, 14
IPO 12 15, 19, 21 13, 23
DMI 13, 15
Nino 1.2 16 14, 21, 22 20, 21, 24
Nino 3 23 24 14 16, 19 13
Nino 4 21 14, 16
Nino 3.4 12 14 13, 18



1288 J. Abbot & J. Marohasy, Int. J. Sus. Dev. Plann. Vol. 12, No. 8 (2017)

Figures 2, 3 and 4 show plots of observed and forecast monthly rainfall for each site for the 
composite for Bathurst, Deniliquin and Miles respectively. In each case the test period is 
shown which corresponds to 10% of the total rainfall period used in the ANN model. Of 
particular interest is the prominent forecast peak in January 2010/January 2011 for Miles in 
Fig. 4, when extremely heavy rainfall was experienced in Queensland. 

Table 4:  Root mean square errors for monthly rainfall forecasts for Bathurst, Deniliquin and 
Miles using all-month and single month optimisation. 

All-month RMSE (mms) Single-month RMSE (mms)

Month Bathurst Deniliquin Miles Bathurst Deniliquin Miles

January 27.0 13.8 37.9 11.4 11.8 31.5

February 23.7 28.1 43.8 19.5 9.4 28.8

March 34.2 30.8 35.5 31.1 7.8 30.3

April 21.4 16.3 24.3 12.5 12.2 14.2

May 22.5 19.5 27.1 7.9 13.2 15.2

June 25.8 17.3 57.6 15.7 20.1 28.7

July 19.5 11.5 21.8 13.1 7.5 11.8

August 21.3 20.0 29.4 15.5 9.4 19.0

September 35.5 17.1 28.2 18.5 14.4 12.6

October 24.5 21.1 28.2 22.4 11.2 16.7

November 36.2 16.1 33.7 47.9 16.8 13.0

December 36.2 17.0 55.7 38.7 9.3 44.8

Table 5:  Forecast skill score (%) for rainfall forecasts at 12 months lead for Bathurst, Denil-
iquin and Miles using a neural network.

Month Bathurst Deniliquin Miles

January 70.4 35.9 42.3

February 50.8 71.3 33.2

March 41.5 80.6 42.9 

April 59.2 22.9 35.1

May 60.7 43.3 37.6

June 29.3 57.4 45.4

July 36.4 17.9 53.8

August 56.3 53.4 34.6

September 44.6 18.7 62.3

October 39.2 66.3 50.6

November 42.8 35.4 31.8

December 45.4 67.8 49.0
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In previous reported studies using ANNs to forecast monthly rainfall in Queensland [20–
23], the approach used was to optimise forecasts for the 12 calendar months together, for a 
given set of inputs. This approach consistently produced results with better skill than either 
climatology or POAMA. However, the present study shows that the monthly rainfall forecast 
skill can in most instances be improved when individual months are optimised. This is 
because single-month optimization enables the variability in the influence of specified lagged 
climate indices at different times during the year to be considered [14].

Table 6:  Correlation coefficients for rainfall forecasts at 12 months lead for Bathurst, Denil-
iquin and Miles using a neural network.

Month Bathurst Deniliquin Miles

January 0.96 0.96 0.94

February 0.92 0.97 0.80

March 0.89 0.98 0.90

April 0.92 0.91 0.83

May 0.97 0.91 0.94

June 0.84 0.94 0.87

July 0.94 0.94 0.72

August 0.98 0.95 0.80

September 0.96 0.94 0.96

October 0.77 0.98 0.91

November 0.89 0.84 0.90

December 0.99 0.98 0.88

Figure 2:  Forecast and observed monthly rainfall for Bathurst using the composite neural  
network. Test period January 2005 to June 2014.
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Ideally, the output from the ANNs would be compared directly with output from POAMA, 
using identical lead times, locations and test periods. However, only very limited results from 
POAMA have been made available by the BOM to enable comparative skill analysis. Com-
parisons based on the limited data directly provided by the BOM, and also published studies, 
show that the ANN method has superior skill for monthly rainfall forecasting in the Murray 
Darling Basin region of Australia at the long lead times of 12 months. Table 7 shows a com-
parison of results using a lead time of 12 months from this study using an ANN, with results 
from POAMA at a lead time of 8 months. These results from POAMA corresponded to the 
longest lead time available in the published literature. Bearing in mind that results from 
POAMA generally decrease with longer lead times, so the comparison made is not biased 
against the GCM. In particular, Table 7 shows that applying the composite ANN approach 
gives skill levels above climatology for all 12 months of the year, with values between 22% 
and 69%. In contrast, for forecasts derived from POAMA, results for 9 months of the year 

Figure 3:  Forecast and observed monthly rainfall for Deniliquin using the composite neural 
network. Test period July 2004 to June 2014.

Figure 4:  Forecast and observed monthly rainfall for Miles using the composite neural 
network. Test period August 2004 to July 2011.
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have skill levels at, or below, climatology, and results for 4 months have skill between 0 and 
5%, with no results above 10%. Taking the averages over 12 months, the results from POAMA 
have a skill level of –3.9% with reference to climatology, while the average for results from 
the composite neural network is 42.5%.

The measure of the forecast skill score expressed in eqn (1) is analogous to the formula 
applied by Hawthorne et al. [10] to evaluate monthly rainfall forecast skill using POAMA. In 
that study, results for various lead times and 250km × 250km grid regions in Australia were 
presented along a skill spectrum with reference to climatology based on RMSE, extending 
between –20% and 20%. To facilitate quantitative forecast skill comparisons, those pub-
lished results have been translated into numerical ranges of values (Table 8). This gives the 
number of calendar months of the year where the POAMA forecast skill falls into particular 
ranges. Three geographical grid locations are considered, identified as H, E and G [10] as 
these are in the geographical proximity of the three locations Bathurst, Deniliquin and Miles, 
respectively.

Using the composite ANN model for Bathurst, all 12 forecast months showed a forecast 
skill above climatology, with skill levels in the range 24% to 70%. The results from POAMA 
for grid region H at 6 and 8 month lead, gave 7 and 8 months, respectively, with skill levels 
below climatology (0%). Only 1 forecast month at lead 8 months lead reached the 16–20% 
skill score level.

Using the composite neural network approach, for Miles with a lead time of 12 months, 
Table 5 shows that all 12 forecast months have a skill above climatology, falling in the range 
between 32% and 62%. In contrast, examining the results POAMA grid region E for lead 
times of 6 and 8 months, there are 5 and 6 forecast months respectively where skill is below 
climatology (0%), and only 1 forecast month where skill reaches the 16–20% level. 

For Deniliquin, all 12 forecast months showed a forecast skill above climatology using the 
composite model, with skill levels in the range 17% to 80%. In contrast, examining the results 

Table 7:  Forecast skill as a percentage for monthly rainfall forecasts for Miles with reference 
to climatology for the composite ANN model and POAMA. The test period was 
August 2004 to December 2010.

Month ANN (lead 12 months) POAMA (lead 8 months)

January 30.2 6.0

February 22.2 –1.7

March 49.3 –6.3

April 39.3 –40.6

May 33.1 –5.9

June 43.3 –1.2

July 62.1 –3.4

August 30.6 0.0

September 69.0 –2.0

October 43.0 –8.0

November 22.0 8.1

December 48.6 –16.1
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POAMA for grid region G for lead times of 6 and 8 months, there are 6 and 8 forecast months 
respectively where skill is below climatology (0%), and no forecast months where skill 
reaches the 16–20% level.

Shao and Li [9] reported results of a downscaling technique to produce monthly rainfall 
forecasts for 35 sites in the Murray Darling basin based on results from POAMA 1.5 over the 
period 1980–2006. The sites were concentrated in the region between Bathurst and Deni-
liquin. Detailed analysis of forecasts for individual sites was not reported, and forecast 
accuracy reported only as correlation coefficients. For lead times of 1, 2 and 3 months the 
mean correlations between observed and downscaled monthly rainfall were: 0.381, 0.287 and 
0.192 respectively. Correlations for individual months fell in the range between 0.1 and 0.6. 
This can be contrasted with correlation coefficients for the composite neural network 
approach in Table 3, where correlation coefficients fall in the range from 0.80 to 0.98. These 
results suggest that the predictive skill of POAMA for monthly rainfall is very low, particu-
larly at long lead times.

The demonstrated skill of GCMs in predicting seasonal or monthly rainfall is low for many 
regions of the world including India, the United States and Australia [37–40] often with little 
enhancement in forecast skill above climatology. A number of different approaches have 
been investigated to improve the skill of GCMs in predicting rainfall, including using 
weighted multi-model ensembles [41] and developing hybrid statistical models [42–44]. 
Post-processing of the output of the GCM POAMA using statistical models has been reported 
in attempting to improve skill of rainfall forecasts for Australia [39, 40].

Operational seasonal rainfall is currently produced by the BOM in Australia, use a combi-
nation of dynamical and statistical modeling. The dynamical model used is POAMA [40], 
while the statistical model makes use of the climate variables derived from POAMA [45]. 

Table 8:  Forecast skill scores for monthly rainfall for three different grid regions produced 
by POAMA [10].

Skill relative to climatology (%)

Lead (months)  –20 to 0 0 to 4 4 to 8 8 to 12 12 to 16 16 to 20

Grid region H (proximity to Bathurst)

 8 8 1 0 0 2 1
 6 7 2 1 1 1 0
 0 6 0 2 1 1 2

Grid region G (proximity to Deniliquin)

 8 9 2 1 0 0 0
 6 7 2 1 2 0 0
 0 4 4 1 3 0 0

Grid region E (proximity to Miles)

8 5 2 2 2 0 1
6 6 4 1 0 1 0
0 2 2 5 2 1 0
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Effectively, this amounts to using the GCM to forecast parameters, particularly concurrent 
large scale climate indices, such as sea surface temperatures, for the input statistical model. 
While this approach may have some merit, the question then arises as to whether the input 
parameters generated by the GCM might be generated more skilfully using a statistical model 
such as a neural network, rather than the GCM. Halide and Ridd [46] have suggested that, 
despite their complexity and the superior computational power of the super computers used 
to run them, GCMs are no better at forecasting parameters associated with ENSO than very 
simple statistical models. It has been shown [47] that forecasts of the Niño indices can be 
performed more skilfully by ANNs than by GCMs, and do not suffer from the limitations 
imposed by the “Spring Predictability Barrier” [48, 49].

In addition to the low skill in the operational seasonal rainfall [44] forecasts generated by 
the BOM, there are a number of other important issues regarding the form in which the fore-
casts are provided to the public. The operational seasonal forecasts are provided to the public 
only in a probabilistic, as opposed to a deterministic form. This means the information pro-
vided is only the probability that rainfall will be above the median value, rather than as a 
quantitative estimate of the rainfall to be anticipated. Surveys have shown that end-users of 
probabilistic forecasts, such as farmers, often find this concept difficult to interpret and apply 
in practical terms [50]. For example, a forecast that there is a probability of 60% that rainfall 
will be above median gives limited information about the amount of rainfall to anticipate – 
the forecast is very limited because it does not differentiate between, for example, being 1% 
higher than the median or 400% higher than the median.

This shortcoming in probabilistic operational forecasts can be illustrated with a recent 
example, In May 2016 the BOM issued a 3 month rainfall forecast for Australia [51] indicat-
ing that there was a 70–80% chance of above median rainfall over much of the Murray 
Darling Basin during the period June to August 2016. This would have delighted many farm-
ers in the region, who would have enthusiastically planted their crops with the expectation of 
bumper harvests, following years of comparative drought and widespread depression in farm-
ing communities. In fact, record rainfalls in the three month forecast period in parts of the 
MDB caused extensive flooding, washing away about 30% winter crops such as wheat, bar-
ley and chickpeas. The New South Wales Department of Primary Industries (DPI) said it had 
been the third wettest winter on record [52]. The extreme rainfall resulted in extensive flood-
ing leaving the town of Deniliquin devastated [53]. Although it can be argued the BOM 
operational seasonal forecast was “correct” it did not provide the information many end-users 
required to make appropriate decisions regarding crop management.

Other limitations on the operational forecasts are the comparatively long duration (sea-
sonal as opposed to monthly) and the short forecast lead times (limited to the next three 
months). The ANN approach, in contrast, is very flexible in generating forecast with different 
forecast periods and lead times to suit the need of different end-users. Output from the GCM 
also corresponds to large geographical areas corresponding to grid areas of 250 km × 250 km, 
rather than more localised forecasts that are easily generated by the ANN approach.

4 CONCLUSION
This study builds on previous investigations that used ANNs for monthly rainfall forecasting 
with lead-times up to three months [19–21]. This study indicates that it is possible to make 
skilful monthly rainfall forecasts with a 12 month lead time for locations in the Murray 
Darling Basin. Our previous approach of forecasting has also been refined by examining the 
skill corresponding to the optimization of individual months, as well as the overall 
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performance of multi-month optimization. In the majority of cases, forecast skill using the 
“single-month” optimisation is higher than the “all-month” optimisation. A composite fore-
cast was constructed for each site by taking the best results from each method.

Comparisons of the predictive skill of the composite ANN model with rainfall forecasts 
derived from the GCM POAMA show that the ANN approach has significantly superior skill 
at the three locations in the Murray Darling Basin investigated. At the long lead time of 
12 months the ANN approach has skill of 40% above that of climatology, whereas skill levels 
derived from forecasts using POAMA at long lead times are generally only comparable to 
climatology (Tables 4 and 7). There remains scope for future improvement, for example, 
through the introduction of other input parameters that have been associated with rainfall, 
such as blocking [16] and SAM [16, 34], although there may be an offsetting impact of 
increased numbers of attributes against shorter data sets due to more limited availability of 
historical values.

Despite intensive research efforts and heavy investment over the past two decades, the skill 
of operational rainfall forecasts reliant on the GCM POAMA remains low, and provides 
information in a format that is often not useful to the public. This study and others show that 
more skilful rainfall forecasts can be generated using ANNs, and these have flexibility in 
forecast periods and lead times. Recognising that GCMs perform poorly in prediction of 
rainfall, much of the recent efforts have been directed towards skill improvement by combin-
ing their output with statistical models. Although some improvement in skill has resulted, it 
may now be time to accept that the public would be better served by developing medium-term 
rainfall forecasts focussing on machine leaning and artificial intelligence technologies such 
as neural networks. 
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ABSTRACT
This article explores the projected changes in precipitation, maximum temperature (Tmax) and minimum 
temperature (Tmin) in the Malaysian state of Sarawak under Representative Concentration Pathways 
(RCPs) with the CanESM2 Global Circulation Model. The Statistical Downscaling Model (SDSM) was 
used to downscale these climate variables at three stations in Sarawak. The model performed well dur-
ing the validation period and thus was used for future projections under three RCPs with the CanESM2 
General Circulation Model. It is noted that the Tmax will increase by 1.94°C at Kuching, 0.09°C at 
Bintulu and 1.29°C at Limbang, when comparing the period of 2071–2100 with the baseline period of 
1981–2010, under the most robust scenario of RCP8.5. Tmin is also expected to increase by 1.21°C at 
Kuching, 0.15°C at Bintulu and 2.08°C at Limbang, under the RCP 8.5 projection for the same period. 
The precipitation at Kuching and Bintulu is expected to increase slightly to 1.6% and 1.4% at Kuch-
ing and Bintulu respectively; however, the seasonal shift is projected as follows: lesser precipitation 
during the December–February period and more during the June–August season. On the other hand, 
precipitation is expected to increase at Limbang during all seasons, when compared with the period 
of 1981–2010; it is expected that under RCP4.5 the annual precipitation at Limbang will increase by 
10.5% during the 2071–2100 period.
Keywords: Borneo, CanESM2, climate change, CMIP5 scenarios, Malaysia, NCEP, precipitation and 
temperature projection, Sarawak, statistical downscaling.

1 INTRODUCTION
Increased greenhouse gas (GHG) emissions and positive radiative forcing are the evidence of 
human impact on the global climate system. GHG emissions caused global surface warming, 
ranging from 0.5°C to 1.3°C during the years from 1951 to 2010; continued GHG emissions 
will cause further warming and change the equilibrium of the climate system, according to 
IPCC [1]. Under the projected future climate, it is plausible that grievous and extreme weather 
events (i.e. severe floods and droughts) will occur in global monsoon areas [2–5].

Temperature and precipitation are two main climate variables that influence the hydro-
logical cycle as an impact of climate change. Global Climate Models, also called Global 
Circulation Models (GCMs), are the main tools for projecting the changes in temperature and 
precipitation. These models interpret global systems such as sea-ice, oceans and the atmos-
phere [6]. Although GCMs are very useful for the projection of future climate changes, the 
outputs of these models are based on a large grid scale (i.e. 250 to 600 km). Because of their 
coarse resolution, the outputs cannot be used directly to investigate the environmental and 
hydrological impacts of climate change on a regional scale [7]. Therefore, for climate change 
impact studies, it is necessary to downscale GCMs’ output to a regional or local scale.

Two main approaches are used to downscale the GCM output: statistical downscaling (SD) 
and dynamical downscaling (DD). The SD methods are much simpler than the DD methods; 
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in the SD global scale, GCM climate variables, such as mean sea-level pressure, zonal wind, 
temperature, precipitation, geo-potential height etc., are linked with local-scale variables, 
such as observed temperature and precipitation, through various regression techniques for the 
controlled historical period. Then the future changes in local-scale temperature and precipita-
tion are derived by forcing the future simulated data for selected GCM variables into the 
developed regression equations [8–11].

Many statistical models have been developed during recent years and have been used in 
various regions. The statistical downscaling model (SDSM) is also widely used to downscale 
the most important climate variables such as temperature and precipitation [12–16]. The 
objectives of this study are to derive an SD model using the SDSM toolbox for downscaling 
the precipitation, maximum temperature (Tmax) and minimum temperature (Tmin) in Sarawak 
and to assess the projected changes in precipitation, Tmax and Tmin under the representative 
concentration pathways (RCPs) of CanESM2 for the periods, 2011–2040, 2041–2070 and 
2071–2100.

2 STUDY AREA AND DATA DESCRIPTION
Sarawak is the largest state of Malaysia (124,450 Km2), located on Borneo Island in South 
East Asia. It experiences a wet and humid tropical climate throughout the year, with annual 
precipitation of between 2800 mm and 5000 mm and temperature variations between 20°C 
and 36°C. In this study, three cities, i.e. Limbang, Bintulu and Kuching, in the northern, cen-
tral and western regions, respectively, have been selected for the exploration of potential 
changes in temperature and precipitation. Most of the state’s population is settled along the 
coast, and therefore the historical temperature record is only available at the airports in these 
coastal cities. The observed daily data of precipitation, Tmax and Tmin was collected from the 
Department of Irrigation and Drainage, Sarawak (DID) for three climate stations, as described 
in Table 1 and shown in Fig. 1.

The Canadian Centre for Climate Modelling and Analysis (CCCma) has developed a 
 number of climate models. These are used to study climate change and its variability and to 

Table 1:  Geographical location, altitude and climate variables used for the selected meteoro-
logical stations in the Malaysian state of Sarawak.

Station

Location

Altitude  
(masl)

Climate  
Variables

Latitude  
(D, M, S)

Longitude  
(D, M, S)

Kuching 001 29 27 110 20 57 25 Precipitation

Tmax

Tmin

Bintulu 003 07 15 113 01 17 34 Precipitation
Tmax

Tmin

Limbang 004 44 46 114 59 58 15 Precipitation
Tmax

Tmin
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understand the various processes that govern the global climate system. These models are 
also used to make quantitative projections of future long-term climate change under various 
GHG and aerosol forcing scenarios. In this study, two types of daily climate variables were 
obtained from the Canadian Climate Data and Scenarios website (http://ccds-dscc.ec.gc.
ca/?page=dst-sdi): (a) 26 variables of the National Center of Environmental Prediction 
(NCEP) for the period 1981–2005, and (b) 26 variables of CanESM2 from CCCma for the 
historical period 1981–2005, as well as for the future period, 2006–2100, for three RCPs, i.e. 
RCP2.6, RCP4.5 and RCP8.5. These RCPs were developed by different modelling groups 
and address the different scenarios of future GHG emission scenarios. The RCP2.6 scenario 
leads to a very low level of GHG concentration. The RCP4.5 is a stabilization scenario, in 
which total radiative forcing is stabilized before 2100 by adopting various technologies and 
policies for minimizing the GHG emissions. The RCP8.5 scenario is categorized by increas-
ing GHG emissions over time, leading to a high level of GHG concentration levels. The list 
of the NCEP and CanESM2 climate variables used in this study is shown in Table 2. All data 
used is available at a grid resolution of 2.8125° × 2.8125° (Latitude × Longitude).

3 METHODOLGY

3.1 Statistical downscaling model (SDSM)

The SDSM is a downscaling tool developed by [17]; it combines multiple linear regression 
(MLR) with a stochastic weather generator (SWG). MLR establishes a statistical relationship 
between GCM predictor variables and local-scale predictands’ variables to produce regres-
sion parameters. These calibrated regression parameters are further used with NCEP and 
GCM predictor variables in SWG to simulate daily time series to create a better correlation 
with the observed predictands’ time series.

Figure 1:  Location map of the selected meteorological stations in the Malaysian state of 
Sarawak.
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There are three kinds of sub-models – monthly, seasonal and annual sub-models – that 
comprise the statistical/empirical relationship between the regional-scale variables (tempera-
ture and precipitation) and large-scale variables. Annual sub-models derive a single regression 
equation for all months in the year, seasonal sub-models derive a regression equation for each 
season, and the monthly sub-model represents a separate regression equation for each month.

There are also two options within sub-models: conditional and unconditional sub-models. 
The conditional sub-models are used for the parameters that are dependent on the occurrence 
of other climate parameters, i.e. precipitation, evaporation, etc., while the unconditional mod-
els are used for independent climate parameters, i.e. temperature [15, 17]. SDSM also contains 
a tool to normalize the input climate data prior to its usage in the regression equations.

3.2 Screening of predictors

In SDSM, the most suitable variables from the atmospheric predictors are selected through a 
MLR model, utilizing the combination of the correlation matrix, partial correlation, P-value, 

Table 2: List of NCEP and CanESM2 climate variables used in this study.

Sr.  
No. Predictor Description

Sr.  
No. Predictor Description

1 temp Mean temperature at 2m 14 p1_zh Divergence at surface

2 mslp Mean sea level pressure 15 p5_f Geostrophic air flow velocity 
at 500 hPa 

3 p500 500 hPa geopotential 
height

16 p5_z Vorticity at 500 hPa 

4 p850 850 hPa geopotential 
height

17 p5_u Zonal velocity component at 
500 hPa 

5 r500 Relative humidity at 500 
hPa height

18 p5_v Meridional velocity 
component at 500 hPa 

6 r850 Relative humidity at 850 
hPa height

19 p5_th Wind direction at 500 hPa 

7 shum Near surface specific 
humidity

20 p5_zh Divergence at 500 hPa 

8 prec Total precipitation 21 p8_f Geostrophic air flow velocity 
at 850 hPa 

9 p1_f Geostrophic air flow 
velocity at surface

22 p8_z Vorticity at 850 hPa 

10 p1_z Vorticity at surface 23 p8_u Zonal velocity component at 
850 hPa 

11 p1_u Zonal velocity component 
at surface

24 p8_v Meridional velocity 
component at 850 hPa 

12 p1_v Meridional velocity 
component at surface

25 p8_th Wind direction at 850 hPa 

13 p1_th Wind direction at surface 26 p8_zh Divergence at 850 hPa 
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histograms, and scatter plots. In the current study, a correlation analysis was applied 
between predictands and NCEP predictors; each predictor was selected based on the highest 
correlation, partial correlation and least P-value with the predictand (precipitation, Tmax and 
Tmin). At Kuching, prec was the super predictor with higher rank for precipitation, temp 
for Tmax and shum for Tmin. At Bintulu, prec was the super predictor for precipitation, p1_z 
for Tmax and p500 for Tmin. At Limbang, prec was the super predictor for precipitation, 
temp for Tmax and p500 for Tmin. In general, the selection of predictor variables in this study 
was performed in a similar way to those applied in other studies, for example [14, 18].

3.3 Model calibration and validation

Based on the available observed data, two daily data sets, 1981–1995 and 1996–2005, were 
selected for the model calibration and validation, respectively. Daily downscaling models were 
developed in SDSM for precipitation, Tmax and Tmin to generate the separate regression equa-
tion for each month. The conditional sub-model is used for Tmax and Tmin without any 
transformation and the unconditional sub-model, for precipitation. Optimization of the best fit 
is performed by the ordinary Least Squares (OLS) method. The correlation coefficient (R) and 
root mean square error (RMSE) of simulated data to observed data were used as performance 
indicators during the calibration and validation. With the calibrated model for the period of 
1981–1995, 20 daily ensembles for precipitation, Tmax and Tmin were simulated for the period 
of 1996–2005, feeding the NCEP and CanESM2 predictors, and the mean ensemble of these 20 
ensembles was used for validation with the observed data for the same period (1996–2005).

During the calibration, at all stations, the model simulated daily precipitation, Tmax and Tmin 
well; however, it overestimated the daily precipitation at all stations. The performance of the 
model during the calibration period simulated by SDSM (using the NCEP variables) is shown 
in Table 3. This over-estimation of precipitation was addressed during the validation period, 
when these biases were calculated and daily precipitation was de-biased as explained in Sec-
tion 3.4. Kuching’s temperature and precipitation have better correlation during the calibration 
period, as compared to Bintulu and Limbang, the latter of which shows the lowest correlation. 
For the coefficient of correlation, the model performed better for Tmax as compared to Tmin and 
precipitation. During the calibration period, while comparing the coefficient of correlation, 
the SDSM performance is similar to that shown in [14], when applied to Peninsular Malaysia.

During the validation period, the precipitation, Tmax and Tmin were simulated using the 
NCEP data, as well as the CanESM2 historical data, to evaluate the model performance with 
both data sets. Table 4 shows the model’s performance during the validation period. The 
model simulated average daily and monthly Tmax and Tmin very well at all stations. Compared 
to the observed daily/monthly precipitation, the simulated monthly precipitation was slightly 
higher at Kuching and Bintulu and slightly lower at Limbang. In order to remove the errors, 
during validation, the biases were adjusted by the bias-correction method, as shown in Fig. 2. 
The model performed well for temperature downscaling at all three stations in Sarawak; 
however, for the precipitation downscaling, the model performance was fairly satisfactory 
and could be improved further with some alternative methods/models.

3.4 Bias correction

Bias correction (BC) has been used in several studies, such as [12, 13], to remove biases from 
the daily precipitation and temperature series of downscaled data. The techniques for bias 
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Table 3: Performance of model for daily and monthly time series of Tmax, Tmin and precipita-
tion during the calibration period (1981–1995).

Tmax Tmin Precipitation

X R RMSE X R RMSE X R RMSE

(°C) (°C) (mm)

Western Region (Kuching)

Daily
Obs 31.60 23.09 11.26
NCEP 31.59 0.66 1.24 23.16 0.49 0.55 13.48 0.28 19.85
Monthly
Obs 31.60 23.09 342.6
NCEP 31.60 0.87 0.50 23.09 0.74 0.21 406.5 0.74 115.4
Central Region (Bintulu)
Daily
Obs 30.90 23.61 9.94
NCEP 30.98 0.54 1.25 23.70 0.34 0.75 12.22 0.18 20.08
Monthly
Obs 30.89 23.61 302.3
NCEP 30.90 0.73 0.35 23.60 0.58 0.26 361.1 0.59 110.3
Northern Region (Limbang)
Daily
Obs 32.30 23.30 7.33
NCEP 32.41 0.28 1.70 23.28 0.20 1.03 8.95 0.19 14.78
Monthly
Obs 32.30 23.23 222.9
NCEP 32.29 0.49 0.76 23.22 0.38 0.53 260.1 0.49 85.59

correction for temperature differ from those for precipitation, and the following equations are 
used to correct the biases in the daily time series of temperature and precipitation:

 T T T T
deb SCEN CONT obs

= - -( )  (1)

 P P
P

Pdeb SCEN
obs

CONT

= ×















 (2)

where Tdeb and Pdeb are the de-biased (corrected) daily time series of temperature (in °C) and 
precipitation (in mm/day), respectively, for future periods. SCEN represents the scenario data 
downscaled by SDSM for future periods (e.g., 2011–2040 etc.), and CONT represents data 
downscaled by SDSM for the historical controlled period (e.g. 1981–1995). TSCEN and PSCEN 
are the daily time series of temperature and precipitation generated by SDSM for future 
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periods, respectively. TCONT and PCONT are the mean monthly values for temperature and pre-
cipitation, respectively, for the control period (historical) simulated by SDSM. Tobs and Pobs 
represent the long-term mean monthly observed values for temperature and precipitation. 
The bar on T and P shows the long-term average. Table 5 presents the monthly standard 
deviation of observed and simulated data at Kuching for the period, 2071–2100. It demon-
strates that the model successfully generated the future time series of temperature and 
precipitation realistically.

Table 4: Performance of SDSM models for simulating Tmax, Tmin and precipitation during 
validation (1996–2005).

Tmax Tmin Precipitation

X R RMSE X R RMSE X R RMSE

°C °C mm

Western Region (Kuching)

Daily
Obs 31.60 23.37 11.46
NCEP 31.60 0.60 1.27 23.37 0.38 0.59 11.48 0.17 22.28
CanESM2 31.60 0.51 1.37 23.38 0.18 0.69 11.49 0.15 22.85
Montly
Obs 31.60 23.37 348.9
NCEP 31.74 0.87 0.55 23.03 0.62 0.45 375.9 0.66 166.5
CanESM2 31.36 0.83 0.64 22.94 0.48 0.55 385.5 0.61 176.2
Central Region (Bintulu)
Daily
Obs 31.19 23.84 10.26
NCEP 31.19 0.30 1.89 23.84 0.27 0.83 10.28 0.15 20.57
CanESM2 31.19 0.30 1.89 23.84 0.12 0.90 10.29 0.02 21.15
Monthly
Obs 31.19 23.84 312.4
NCEP 30.89 0.76 0.60 23.54 0.50 0.40 313.0 0.48 135.2
CanESM2 30.89 0.77 0.60 23.64 0.43 0.45 325.3 0.28 150.4
Northern Region (Limbang)
Daily
Obs 33.14 23.54 9.34
NCEP 33.14 0.29 1.25 23.54 0.07 0.92 9.34 0.10 17.79
CanESM2 33.14 0.29 1.26 23.55 0.18 0.90 9.34 0.01 18.17
Montly
Obs 33.13 23.54 284.2
NCEP 32.35 0.53 1.04 22.97 0.13 0.73 245.1 0.37 138.1
CanESM2 32.19 0.55 1.17 23.24 0.60 0.46 233.4 0.19 150.4
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4 RESULTS AND DISCUSSIONS

4.1 Annual changes in precipitation and temperature

Feeding the selected CanESM2 predictors of three future scenarios, i.e. RCP2.6, RCP4.5 and 
RCP8.5 into developed SDSM models, daily precipitation, Tmax and Tmin were simulated for 
three future periods: 2011–2040, 2041–2070 and 2071–2100. BC was applied as calculated 
during the control period (1981–2005) to remove biases in the projected data. Future changes 
in precipitation, Tmax and Tmin were calculated by comparing them to the baseline period. In 
this study, the period from 1981 to 2010 was selected as the baseline period because this 
30-year period has been used in the majority of climate change studies across the world 
[5, 19, 20]. A 30-year period is considered sufficient to define the local climate, as it is 

Figure 2:  Comparison of monthly precipitation, Tmax and Tmin simulated by SDSM with 
observed dataset during validation period (with bias correction) in the Malaysian 
state of Sarawak.

Table 5:  Standard deviation of observed and simulated monthly precipitation, Tmax and Tmin 
at Kuching.

Variable

Historical RCP2.6 RCP4.5 RCP8.5

1981–2010 2071–2100

Precipitation 194 134 135 134

Tmax 1.6 1.12 1.16 1.30
Tmin 0.6 0.31 0.35 0.50
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anticipated that it will comprise different situations such as dry, wet, cool, and warm years or 
sub-periods.

As the RCP8.5 is the scenario considering a high concentration of GHG emissions, it is 
noted that the mean annual Tmax at Kuching would be expected to increase by 1.94°C during 
2080’s under the RCP8.5 scenario. At Bintulu, Tmax is expected to increase by 0.09°C during 
the 2080s. At Limbang, the Tmax would also increase by 1.29°C during the 2080s. The Tmin 
also followed the same pattern as of that of the Tmax and would be expected to increase by 
1.21°C at Kuching, 0.15°C at Bintulu and 2.08°C at Limbang during the 2080s, when com-
pared with the baseline period. In future, the annual precipitation at Kuching, Bintulu and 
Limbang is expected to increase by 0.3%, 1.4% and 4.5%, respectively, during the 2080s, as 
shown in Table 4. The projection of precipitation, Tmax and Tmin during the 2020s, 2050s and 
2080s under the RCP2.6, RCP4.5 and RCP8.5 is detailed in Table 6.

4.2 Seasonal changes in precipitation and temperature

The temperature in Sarawak has the same pattern throughout the year, with December to 
February (DJF) having heavy rainfall and slightly lower temperatures, as compared to the 
other seasons. The precipitation changes over the seasons; during DJF, Sarawak receives its 
highest rainfall due to the north-west monsoons, while June to August (JJA) are the lowest 
precipitation months. The other two seasons, i.e. March to May (MAM) and September to 
November (SON), are the inter-monsoon months and give average precipitation. The changes 
in future seasonal precipitation, Tmax and Tmin were calculated under the three RCPs of 
CanESM2, and the future period of 2071–2100 was compared with the baseline period of 
1981–2010.

During the drier season of JJA, it is noted that, during 2071–2100, surface Tmax would 
increase to 1.06°C, 1.44°C and 2.21°C at Kuching, to 0.17°C, 0.18°C and 0.18°C at Bintulu 

Table 6:  Future changes in annual precipitation, Tmax and Tmin with respect to the baseline 
(1981–2010) under CanESM2 runs for possible future RCP scenarios.

Kuching Bintulu Limbang

2020’s 2050’s 2080’s 2020’s 2050’s 2080’s 2020’s 2050’s 2080’s

Tmax (°C)

RCP2.6 0.68 0.88 0.85 0.08 0.10 0.10 0.71 0.79 0.78
RCP4.5 0.66 1.04 1.20 0.09 0.10 0.09 0.70 0.87 0.94
RCP8.5 0.76 1.27 1.94 0.09 0.09 0.09 0.75 0.98 1.29
Tmin (°C)
RCP2.6 0.51 0.60 0.58 0.13 0.15 0.14 0.64 0.88 0.83
RCP4.5 0.51 0.70 0.78 0.13 0.14 0.15 0.66 1.02 1.19
RCP8.5 0.54 0.84 1.21 0.14 0.14 0.15 0.72 1.36 2.08
Precipitation (%)
RCP2.6 1.3 1.3 –0.1 1.0 –0.6 –0.3 10.1 8.2 9.9
RCP4.5 0.5 0.9 1.6 –0.4 0.3 1.0 9.3 9.5 10.5
RCP8.5 1.4 1.1 0.3 0.1 1.6 1.4 10.0 7.6 4.5
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Figure 3:  Seasonal changes in Tmax, Tmin and precipitation at three stations for the period of 
2071–2100, compared to the baseline period of 1981–2010.

Table 7:  Future projected changes in seasonal precipitation, Tmax and Tmin during the period, 
2071–2100, with respect to the baseline (1981–2010) under CanESM2 runs for pos-
sible future RCP scenarios.

RCP2.6 RCP4.5 RCP8.5

DJF MAM JJA SON DJF MAM JJA SON DJF MAM JJA SON

Tmax (°C) 

Kuching 0.74 0.54 1.06 1.04 1.03 0.92 1.44 1.39 1.68 1.63 2.21 2.23
Bintulu 0.13 0.02 0.17 0.06 0.10 0.01 0.18 0.07 0.10 0.01 0.18 0.07
Limbang 0.89 0.74 0.76 0.73 1.11 0.86 0.90 0.90 1.53 1.06 1.22 1.38
Tmin (°C)
Kuching 0.53 0.40 0.73 0.66 0.67 0.50 1.05 0.90 0.94 0.76 1.69 1.46
Bintulu 0.14 0.11 0.20 0.13 0.14 0.10 0.21 0.13 0.16 0.11 0.23 0.12
Limbang 0.72 1.24 1.01 0.35 1.05 1.80 1.43 0.48 1.91 3.10 2.49 0.81
Precipitation (%)
Kuching −5.6 −0.6 5.5 6.1 −4.4 0.4 7.3 7.7 −6.8 −2.2 6.8 9.1
Bintulu −14.2 10.4 9.8 −0.7 −14.5 9.0 10.1 2.3 −18.7 8.3 15.9 2.9
Limbang 7.7 11.4 14.4 7.2 8.0 9.2 15.0 6.7 −1.3 5.1 7.9 5.2
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and to 0.76°C, 0.90°C and 1.22°C at Limbang, under the RCP2.6, RCP4.5 and RCP8.5 sce-
narios, respectively, when compared with the baseline period of 1976–2000. The Tmin is also 
projected to increase in future under the all RCPs, as shown in Table 5. Precipitation at Kuch-
ing is projected to decrease during DJF, increase during JJA and SON but to remain the same 
as the historical period during MAM. At Bintulu, the precipitation is also projected to 
decrease during DJF, increase during MAM and JJA but to remain the same during SON. At 
Limbang, the precipitation is projected to increase during all seasons under all RCPs by the 
end of the twentyfirst century, as shown in Fig. 3 and Table 7.

5 CONCLUSIONS
Sarawak is the wettest state in Malaysia and receives up to 5 m of precipitation per year. In 
the present study, the impact of climate change on temperature and precipitation was assessed 
at three different locations in the state. The study concluded that the surface temperature is 
projected to increase in future in all selected places in Sarawak under all selected RCPs. This 
coincides with the findings of other regional studies, i.e. [14, 21].

The annual precipitation at Kuching and Bintulu is projected to remain unchanged under 
all future climate scenarios; it coincides with [22] who studied future precipitation changes 
over Batang Ai catchment in Sarawak, where projected future precipitation is likely to be 
unchanged. However, a seasonal shift is expected at these locations, with a projection of less 
precipitation during DJF and more during JJA. On the other hand, Limbang is projected to 
have more precipitation during every season under all RCPs in future, when comparing the 
period of 2071–2100 with that of 1981–2010.

This study used precipitation and temperature data from three stations in different regions 
of the Malaysian state of Sarawak. It is recommended that more stations from each region be 
included to investigate any uncertainty associated with the data used. The temperature projec-
tion is limited by the unavailability of data across the state; however, the precipitation 
projection could be further expanded with the inclusion of more rainfall stations in each 
region.

In this study, only CanESM2 GCM output from the Coupled Model Intercomparison Pro-
ject Phase 5 (CMIP5) was used for the future projection of precipitation, Tmax and Tmin. It is 
recommended to include a few other CMIP5 models for projection and to adopt a mean 
ensemble of selected models to minimize the uncertainty associated with a single model 
projection.
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ABSTRACT
The urban thermal environment deteriorates with increasing frequency of extreme heat events in cities. 
Conventionally, the Urban Heat Island (UHI) effect only reflects the temperature difference between 
the city and its rural surroundings. This scale of analysis is often too broad to help devise mitigation 
strategies, which are typically implemented at a more local scale within the sphere of urban planning 
and design. In this research, the city of Wuhan, China, is taken as an example. Through quantitative 
measurements, a workflow is proposed to mitigate the surface UHI of Wuhan, locally. Also, the satel-
lite images of the MODerate-resolution Imaging Spectroradiometer and Landsat-7 ETM+ are used for 
technical purposes, and the K-means clustering is applied to classify the Local Climate Zone (LCZ). 
Further, the Local Scale Urban Heat Island (LSUHI) is captured through morphological parameters, 
such as Multi-Scale Shape Index (MSSI) based upon the latent Land Surface Temperature (LST) pat-
tern. The mitigation process is organized hierarchically and prioritized by the combination of LCZ and 
LSUHI. Based on this, Wuhan is divided into seven LCZs and the LSUHI, in the mean time, can be 
detected by morphological parameters. We present the corresponding quantitative planning advice for 
places with higher heat threats in the city. This research is conducted on urban microclimate and urban 
planning on at least two levels: (1) the reduced study scale of urban thermal environment and (2) a 
planning-driven workflow of urban thermal environment optimization.
Keywords: climate zone, heat island, hotspot, land surface temperature, local scale, morphology.

1 INTRODUCTION
Global temperature continues to rise and cities may possess higher warming rates than natu-
ral land covers [1]. The phenomenon of higher temperature in urban areas is known as the 
Urban Heat Island (UHI). The physical mechanisms through which the UHI effect is driven 
are well documented. Primary constituents of urban construction, such as asphalt, cement, 
and roofing tiles, have a much greater heat capacity than forest vegetation and other natural 
features [2]. The enhanced anthropogenic heat emissions, reduced evaporative cooling, 
increased surface roughness, lower surface albedos and narrow urban canyon geometry asso-
ciated with cities also results in the formation of UHIs [3].

Tragic socio-economic consequences of urban heat events have been realized and addressed 
only lately. Most cities are reported to be without any form of regulations for temperature 
mitigation in terms of land surface management [4]. Even at the local level, some climate 
action plans that only considered greenhouse gas emission control were insufficient to address 
the problem [1].

1.1 The land surface specification in the local climate zones

One of the significant weaknesses of current research on microclimate is the lack of stand-
ards, which impedes both the quantitative measurement of meteorology phenomenon at a 
local scale and the development of local meteorological research of urban climate [5]. Most 
planning and design concepts are restricted by lack of quantitative standards that can mitigate 
and adapt climate uncertainties [1]. The weakness is quite intuitive in the study of 
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temperature patterns and variations at the local scale [6]. Building upon the concept of Urban 
Climate Zone (UCZ) and Local Climate Zone (LCZ) initiated by Oke’s (2011) research team, 
the research applies the idea to an entire city [7]. The LCZ is proposed such that the study of 
microclimate can be set into a standard background. The framework of LCZ recommends 
that the land surface should be classified into zones quantitatively according to their meteoro-
logical responses. The classification indicators include the surface material and meteorological 
properties. This can be further defined according to the surface configuration of a natural and 
a built environment, such as Impervious Surface Fraction (ISF) or Pervious Surface Fraction 
(PSF) [8–10], albedo [11–13], Sky View Factor (SVF) [14–16], the vegetation fraction [8, 
17–19], and building density [2, 20].

The LCZ is a framework that has been proposed recently, and has been validated through 
circling places with radius of hundreds of meters in few cities [21]. The application of the 
concept is rarely found. Szeged, Hungary, began to apply the framework to the whole city in 
2014 [22]. More applications and tests of the framework are needed to bring insights of the 
dynamics of local climate at the local scale.

1.2 Characterizing the surface urban heat Island

Conventionally, UHI is defined as the temperature difference between urban and rural areas. 
The investigations are largely influenced by the conventional ‘urban-rural’ dichotomy at the 
city scale [5]. The analyses of UHI aim at urban surface with remote sensing data and the 
findings of the specific relation between Land Surface temperature (LST) and air temperature 
[20]. LST became the primary concern because it governs the energy balance at the lowest 
layer of the atmosphere in the urban areas and controls the air temperature within the Urban 
Canopy Layer (UCL) [23]. When the temperature study boils down to investigate the LST 
within the UCL, UHI accordingly became the Surface Urban Heat Island (SUHI). A mile-
stone is the characterization of the city scale SUHI of Houston, Texas, USA, by applying the 
unimodal Gaussian surface to the fitting of the Advanced Very High Resolution Radiometer 
(AVHRR) image data [24]. An extension of the methodology is employing the non-paramet-
ric kernel method to model the LST and SUHI patterns in Indianapolis, Indiana, USA [25].

1.3 Research framework

Since the classification of LCZs is based upon a set of indicators that reflect certain meteoro-
logical properties of the study area, the LCZs provide a configuration of climatic ingredients 
of the area and depict how the climatic patterns of the area distribute locally. Based on the 
modified version of the Stewart’s (2011) LCZ scheme with a focus on LST, 9 LST-sensitive 
indicators are extracted from land surface factors and are used as the basis of classification 
for climate zones in Wuhan.

Based on the previous research of SUHI, the LST is further delineated with a combination 
of spatial and morphological information. In order to find out the prioritized areas with high 
temperature locally, the parameters are used as indicators to identify Local Scale Urban Heat 
Island (LSUHI).

LCZ provides the framework to mitigate LSUHI from the perspective of planning domains 
in two aspects. Firstly, the scope of LSUHI is limited to a single LCZ, rather than to the whole 
city. Secondly, the mitigation approaches for LSUHI are based on the classification indicators 
of LCZ. Then, the quantitative planning strategy is proposed by combining LCZ and LSUHI 
in hierarchies and priorities (Fig. 1). The research provides a workflow for the improvement 
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of urban climate in terms of planning and implementation. The workflow includes the clas-
sification of the climate zone, the detection of the hotspot, and the adjustment of relevant land 
surface parameters.

2 METHODOLOGY

2.1 Study area and data

Wuhan, China, is selected as the case study. The city is located in central China. It is the fifth 
most populous city in the nation. Wuhan is characterized by its heterogeneity of land cover. 
The water bodies scatter within and around the urban area highlighting the diversity of land 
composition. The extent of the study area is 45×36 km, which covers entire downtown Wuhan 
and extends to the surrounding rural area. The upper-left and lower-right coordinates are 
‘30°43′53″N, 114°4′49″E’ and ‘30°24′0″N, 114°32′34″E’, respectively. This coverage is suf-
ficient to exhibit the land composition of the city (Fig. 2a). The L1T product with the 
resolution of 30 meters in 2012 captured by Landsat-7 ETM+ is employed to measure the 
land surface indicators, including PSF, ISF, albedo, Vegetation Index (VI), Water Index (WI), 
etc. The indicators including SVF, Building Density (BD), Building Volume Density (BVD), 
and Building Height (BH), are measured through shapefile of building data in 2012 according 
to the relevant Wuhan governmental departments. The MODIS/Terra (MOD11A2) and 

Figure 1: The hierarchical structure and priority for optimizing urban thermal environment.

Figure 2:  Study area and its latent LST. (a) The study area represented by false color image. 
SWIR2, NIR, and Green bands of Landsat ETM+ are combined to highlight the 
land surface heterogeneity of built environment, vegetation, and water bodies. (b) 
The latent LST at 13:30h, July 27th, 2012, extracted by using Gaussian Process 
model.



 Y. Yue, et al., Int. J. Sus. Dev. Plann. Vol. 12, No. 8 (2017) 1315

MODIS/Aqua (MYD11A2) V5 Daily L3 Global 1 km Grid products in 2012 are used to 
represent the LST pattern at a particular time point. The MYD11A2 data is acquired at 01:30h 
and 13:30h local time, and the MOD11A2 data is acquired at 10:30h and 22:30h local time. 
The accuracy of the LST data is better than 1K (0.5K in most cases). The LST is converted to 
Celsius degrees in this research. Before analyzing the morphology of LST, the Gaussian 
Process (GP) model [26] is used to extract the smooth and continuous latent pattern of LST 
as shown in Fig. 2b.

In the study of Wuhan, the variogram of LST at the phenomenon level and multi-scale 
analysis together define the operational scale of the LST–ISF interaction to be in the range of 
500–650 m. The value is reasonable considering the characteristics of Chinese cities [10]. So, 
the scale of this research for LST and LCZ is set at 500 m.

2.2 The indicators and classification for the LCZs

The LCZs are classified in terms of temperature-sensitive indicators extracted from land sur-
face factors. The indicators are selected empirically according to previous investigations of 
the land surface–LST relationships. For illustration, altogether 9 most frequently used LST 
sensitive land surface indicators extracted from vegetation, buildings, and land covers are 
used for classification. The indicators are SVF [27], BD, BVD [28], BH [17], PSF, albedo, 
VI, ISF, and WI [29]. Specifically, SVF is computed using vector databases based on meth-
odology from Gál [27]; VI is coverage of vegetation and WI is coverage of water, 
respectively.

The indicators are all unified to the same raster resolution with pixel size of 500 m. The 
indicators are considered as properties of a certain area of the land surface, which means for 
each pixel, its properties can be taken as a multi-dimensional vector. In this situation, the 
K-means clustering is applied for the reason that such classification approach utilizes the 
intrinsic structure of the data as opposed to artificial partition by using empirical values. In 
this study, the pixels can be viewed as n observations, and for each observation the properties 
is a d  dimensional vector P. All the pixels are in a d dimensional space (P1, P2…Pn). The 
K-means clustering separates the pixels into k sets to minimize the within-cluster sum of 
squares. Thus it tries to find

 arg min p -∑∑
=

µi
i

k
2

1

 (1)

where μi is the mean of cluster i.

2.3 The morphological indicators

The conventional parameters characterizing UHI are restricted to the city or regional scale by 
the ‘urban-rural’ dichotomy. This research identifies LSUHI through the morphology of LST 
at a local scale. The morphological indicators are based on the smooth and continuous latent 
pattern of the LST, which is derived by the Gaussian Process (GP) model [26]. The MSSI is 
an extension of Koenderink’s Shape Index (SI) [30] that evaluates shapes at the optimal scale. 
It thus contains two steps: 1) scale selection, and 2) the SI evaluation.

The SI of each pixel should be calculated at its appropriate scale. The scale selection 
adopts the scale space [31]. The characteristic scale can be found in terms of the kernel size 
that produces the maximum normalized distance in the scale space. The optimal scale can be 
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identified by the maxima normalized distance [32]. Then the MSSI is the SI evaluated at each 
point on a surface at the optimal scale, which is represented as

 MSSI =
+

-

2 2 1

2 1π

κ κ

κ κ

arctan , SI ∈ -[ , ]1 1 , (2) 

where κ1 and κ2 (κ κ1 2≥ ) are the principle curvatures. The principle curvatures can be easily 
evaluated from a noiseless continuous latent LST surface through eigenvalues of the Hessian 
matrix. The MSSI measures how a point varies relative to its surroundings as shown in Fig. 3. 
The deformations are encoded within the interval [-1, 1]. The value indicates the extent of the 
deformation along the principle curvatures. Typical shapes such as cup, rut, saddle, ridge, and 
cap can be measured along the interval. It thus captures both the geometry and the 
magnitude.

2.4 Selecting the LSUHI and the local hotspot

The selection criteria of LSUHI in this research are as follows. The temperature threshold set 
in each of the LCZs is a 2-standard-deviation from the zonal mean, determining whether 
LSUHI is excessively hot, and the MSSI>0 helps to select the raised LSUHIs. The 8-day 
MODIS image data represents the daily average monthly LST in 2012. LSUHIs can be 
selected by the criteria from every latent LST pattern. While four sets of LST images are 
acquired each day, there is a total of 48 distribution diagrams of LSUHIs during the whole 
year. The local hotspots are detected, whose frequency is the highest among LSUHIs in each 
LCZ throughout the year.

2.5 The LST-responsive land surface indicators

It is necessary to examine the relationship between LST and land surface indicators in each 
zone for mitigating the hotspots. The examination may concretely support the existence of 
the indicator–LST interactions and gives information about how the relationship varies 
through space. It also indicates the potential LST change by modifying a specific indicator at 
the percentage level. The examination provides two modules. The temperature responses of 
SVF, BD, BVD, BH, albedo, VI, and WI are first considered. Then, the temperature response 
of ISF is considered independently from the rest of the indicators to avoid collinearity [9]. 
PSF is left out also for its collinearity with ISF. This study applies Ordinary Least Squares 
(OLS) to inspect the interactions. It is in the form of:

 TLST = Xβ + e, (3)

Figure 3: The surface morphology in the range of Shape Index.
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where TLST is the LST as the response or dependent variable, X is the vector of multiple 
explanatory or independent variables, β is the regression coefficient indicating the relation-
ship between the TLST and X, and e is the intrinsic residual.

3 RESULTS

3.1 The classification of climate zones

By applying the K-means clustering for sufficient repetitions, a 7-category classification is 
found to be best suited for the study area, which means that the classification is neither com-
plicated nor simple. Figure 4 is an illustration of the classification. The shape of the climate 
zones outlines the distribution of a built environment meaning that artificial manipulation of 
land surface imposes significant impacts on climate. The details of the land surface indicator 
specifications are listed in Table 1. All indicators are normalized to the percentage level. The 
means of ISF, BD, and BVD increase along LCZ 1 through 7 implying that the artificial 

Figure 4: An illustration of the classification.

Table 1: The mean of the land surface indicator specifications in each of the LCZs (%).

LCZ SVF BD BVD BH PSF Albedo VI ISF WI

1 Water Bodies 99.52 2.28 1.60 4.03 81.21 17.48 4.57 6.51 58.16 

2 Vegetation 99.71 3.43 1.92 5.60 71.68 22.64 38.26 10.07 21.95 
3  (Vegetation and 

rural areas)
99.80 2.50 1.20 5.88 78.55 24.75 38.14 8.99 11.42 

4 (Rural Areas) 99.17 7.99 3.57 5.61 66.89 22.69 28.75 16.94 22.50 
5 (Built-up Areas) 94.83 15.36 14.58 12.21 71.17 23.35 25.20 25.31 15.95 
6 (Downtown) 83.92 29.21 42.91 18.78 52.59 20.29 17.17 43.61 20.35 
7 (Industrial District) 99.14 18.70 7.59 6.26 51.15 20.66 18.74 39.98 22.59 
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modification of natural environment intensifies. The increase of BH is pre-eminent in LCZ 5 
and 6 as high-rise residential communities and office buildings are clustered in downtown 
within these LCZs. The traditional low-rise and dense residential communities also enhance 
BD and BVD in LCZ 6. These dense buildings and apartments also substantially block visi-
ble sky and make LCZ 6 the only zone with SVF below 90%. Those indicators such as VI, 
PSF, and WI depicting the abundance of natural land surface decrease from LCZ 1 to 7 only 
except for the deficiency of VI in water bodies of LCZ 1. Albedo is roughly uniform along all 
LCZs with values around 23%. The traditional deteriorating communities and factory build-
ings with dark roofs lead to lower albedo in LCZ 6 and 7. The albedo values are 20.34% and 
20.60%, respectively.

For the convenience of cross-sectional comparison among LCZs, the mean values in 
Table 1 are plotted column-wise (Fig. 5). Same indicators in each of the seven LCZs are 
compared based on the overall mean of the study area. BD, BVD, PSF, ISF, and VI exhibit 
more prominent opposite deviations from the overall mean for rural and built-up areas.

3.2 The situation of LSUHI around one year

Figure 6a gives the frequencies of being LSUHI at each pixel location for all of the 48 time 
points. The LSUHIs with high frequency are distributed across the whole study area, espe-
cially in the southwest. These areas with serious thermal environment problems are called 
Wuhan Economic & Technological Development Zone in the southwest, Jinyin Lake 
Industrial Zone in the northwest, and WISCO Industrial Zone in the northeast. Then, the 
central area is mainly alongside the Yangtze River and lies at the north of the Ink Lake. To the 
southwest, the LSUHIs in a developed industrial zone are more apparent thanks to the 

Figure 5: Comparison of LCZs in terms of indicators.
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development of low intensity. It can be found that the LSUHIs with high frequency are mainly 
industrial zones around the city and urban center with dense population. Eight hotspots are 
selected with the highest frequency as the LSUHI in LCZs.

3.3 The land surface–LST interactions

Table 2 shows the impacts of the land surface indicators on LST in each LCZ at the pixel 
level in this research, which are all statistically significant (p>0.01). Take the ISF–LST rela-
tionship for instance, the regression coefficient β varies across zones in different places and 
scales. While a previous study has found that the coefficient is around 0.21°C in the whole 
study area [10], the table shows that the zonal coefficient fluctuates around this value. Higher 

Figure 6: (a) The frequency distribution of LSUHI and (b) the selected hotspots in each LCZ 
(5-19: LCZ-LSUHI frequency), and the red hotspot is selected as the example in 
this case study.
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values are found in zone 1 and 2. It means that LST is more sensitive to ISF change in these 
well-vegetated LCZs with lower ISF. For instance, increasing 1% of ISF in LCZ 1 may 
cause LST to rise to about 0.39°C within a pixel. The coefficient β tends to be smaller in 
LCZ 3 to 7, which means that the change of the ISF in built-up areas imposes less impact on 
LST. In contrast, ISF increasingly captures information of LST variations toward more 
intensive built-up LCZs according to the R2. Specifically, the R2 rises from 0.33 to 0.78 
through LCZ 2 to 7. It means that although LST is less sensitive to the change of ISF, such 
seemingly weak interactions may dominate the LST patterns as built-up areas are mostly 
impervious.

The multi-variable OLS regression suggests that SVF, albedo, VI, and WI are negatively 
correlated to LST while BD, BVD, and BH possess less clear relationships to LST. Espe-
cially for those more intensively built LCZs, BD, BVD, and BH can be negatively correlated 
to the LST which seems to be counterintuitive. A previous study has shown that this is because 
urban surface can be well shaded by high and dense building clusters and thus with lower 
surface temperature [28]. Although SVF maintains to be negatively correlated to LST in LCZ 
5, 6, and 7, its impact tends to be minimal and below -0.01. Among all the indicators involved 
in the multi-variable regression, albedo and VI possess the highest regression coefficients 
with LST. The R2 is relatively low in LCZ 2 and 3 for both the multi-variable and single-
variable regressions. Such low R2 reflects the limitation of using several built environment 
indicators in the interpretation of the LST variation in rural areas.

Table 2: The interactions between the land surface indicators and LST in each LCZ.

Multi-variable 
OLS Regression 
Parameters Indicators LCZ 1 LCZ 2 LCZ 3 LCZ 4 LCZ 5 LCZ 6 LCZ 7

β SVF -0.040 -0.032 -0.037 -0.015 -0.004 -0.001 -0.005 

BD 0.025 0.039 0.082 0.067 0.061 -0.064 0.148 
BVD 0.013 0.003 0.014 0.067 -0.023 -0.027 0.227 
BH 0.064 0.017 0.002 0.036 0.001 -0.006 0.204 
Albedo -0.325 -0.014 -0.019 -0.026 -0.107 -0.247 -0.226 
VI -0.062 -0.082 -0.109 -0.093 -0.142 -0.097 -0.196 
WI -0.116 -0.076 -0.110 -0.079 -0.033 -0.024 -0.023 

R2 0.761 0.566 0.494 0.708 0.667 0.778 0.583 
p ** ** ** ** ** ** **

Single-variable 
OLS Regression 
Parameters Indicators LCZ 1 LCZ 2 LCZ 3 LCZ 4 LCZ 5 LCZ 6 LCZ 7

β ISF 0.390 0.440 0.227 0.185 0.188 0.190 0.192 

R2 0.577 0.326 0.381 0.687 0.704 0.752 0.780 
p ** ** ** ** ** ** **

** indicates p>0.01 and thus the relationship is statistically significant with a confidence 
level of 99%
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3.4 The strategy to mitigate the hotspots

The hotspot as a study case is located in the northeast of the city in LCZ 5 with a frequency 
of 19 as being LSUHI. The hotspot is near the Yanxi Lake and lies at the southeast of the 
WISCO Industrial District. The overall mean of the study area is the benchmark. The largest 
discrepancy between the hotspot and LCZ is found in BD with 54.05%. The indicator speci-
fications at this hotspot are mostly less desirable than the level of LCZ 5, while this LCZ is a 
less desirable zone in the study area (Fig. 7a). The counterintuitive negative relationship 
between LST and BVD makes the strategy relatively subtle. The buildings are dense enough 
to shade the land surface as mentioned in Section 3.3. Thus, modification of building geom-
etries may be less promising. Indicators such as PSF, albedo, VI, ISF, and WI are all clearly 
indicated in Fig. 5. These indicator values should be first modified to the zonal level and not 
the average level of the study area based on priority. Considering the relationships between 
the land surface indicators and LST, increasing 1% of albedo may reduce 0.11°C of LST at 

Table 3: The indicator values of hotspot and mean of indicator for LCZ 5.

SVF BD BVD BH PSF Albedo VI ISF WI

mean of the study 
area

97.56 8.57 7.43 7.72 61.07 21.89 27.61 16.70 26.53

hotspot 99.98 69.41 17.63 4.24 70.71 22.45 17.41 29.23 10.60

LCZ 5 94.83 15.36 14.58 12.21 71.17 23.35 25.20 25.31 15.95
Hotspot-LCZ 
Discrepancy

5.15 54.05 3.05 -7.97 -0.46 -0.90 -7.79 3.92 -5.35

Surface–Temperature 
Relationship

-0.004 0.061 -0.023 0.001 - -0.107 -0.142 0.188 -0.033

Potential 
Optimization(°C)

- - - - - 0.10 1.11 0.74 -

Figure 7:  The land surface indicator specifications of hotspot and LCZ 5. (a) The indicator 
discrepancy between the hotspot and the LCZ benchmarked against the overall 
mean of the study area. (b) The QuickBird aerial image of the hotspot with its eight 
neighboring pixels on May 20th, 2012.
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the pixel level. It means that if albedo at hotspot increases by 0.9% to reach the corresponding 
zonal level, LST can potentially be 0.1°C lesser. Similarly, modifying VI to the zonal level 
can reduce 1.11 of LST in a pixel. Approximating ISF at the hotspot to the zonal level leads 
to a reduction of 0.74°C. The details are shown in Table 3. In a word, the indicator values of 
hotspot are adjusted to an approximate mean of the indicator for LCZ 5 to relieve LSUHI.

As this study focuses on the concept and framework, further examples are not explored. 
The mitigation strategies for other hotspots can be formulated in the same way as shown 
above.

4 DISCUSSION

4.1 The completeness and dynamic of indicators

The completeness of indicators means to characterize the climatic or meteorological property 
of the surface factor with enough details. Besides thermal and airflow pattern, others such as 
humidity, moisture, and pollution are also expected to be captured by the indicators. Only 
then can the indicators be considered to be complete.

The hotspot is selected from a one-year cycle without considering the diurnal or seasonal 
variation of land surface specification. The dynamic difference of these indicators would 
affect the distribution of LSUHI. More specific improvement strategies and suggestions 
would be proposed, if the distribution of the hotspots is further explored with land use and 
diurnal variation of indicators being taken into account.

4.2 The priority of planning and implementation

This research only adjusted the land surface parameters, whereas specific implementation 
approaches are different when carrying out the adjustment. The complexity and cost of each 
strategy is different in terms of planning and implementation. For example, the cost of reduc-
ing building density is normally higher than that of increasing vegetation cover. Meanwhile, 
the complexities in mitigation strategies also vary because of land use variance. The vegeta-
tion cover of public land is usually easier to adjust than that of residential land. The hotspot 
with high population density should be taken into consideration at day one, especially in 
urban centers. The high-frequency LSUHIs in city suburbs are mostly industrial zones, 
regarded as a secondary consideration due to low population density. It is therefore reasona-
ble to say that the priority of planning strategy should be considered in terms of land use, 
population density, complexity of adjusting specifications, and the correlation between the 
indicators and LST.

5 CONCLUSIONS
A framework of mitigating excessive heat in urban areas is proposed. The mitigation is at a 
local scale and helps to facilitate planning and design strategy selection with detailed guide-
lines. The mitigation is operated within zones and conforms to planning and design 
conventions. It avoids radical modifications of land surface configuration and enhances fea-
sibility and practicability. The mitigation thus attenuates in a hierarchical and incremental 
manner. The hierarchy manifests by priority based on two aspects: (1) problem identification, 
and (2) strategy recommendation. The incrementality is reflected by zonal level mitigation 
that ensures more achievable goals.
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ABSTRACT
Nowadays, when the energy, industry and transport sectors are adapting to climate change and need to 
reduce their environmental impact, it is vital that the optimal solutions are found for individual countries 
and their different circumstances. Territories, which have a hydrocarbon deficit, should use non-conven-
tional energy sources while the countries with substantial resources of hydrocarbons should be focused 
on the strategy of raising the energy efficiency, i.e. to reduce the specific consumption of fuel consumed. 
The paper discusses these scenarios and describes some innovative technologies for both cases. Energy 
production from biomass is encouraged in some European countries by the granting of generous eco-
nomic subsidies so that renewable energy plants, such as anaerobic digestion plants that produce biogas 
for use in internal combustion engines, in particular, are receiving much funding. An alternative technol-
ogy for biogas valorisation could be that of biomethane (so called green gas) production through biogas 
purification and upgrading processes to remove CO2, H2S and water vapour. Different technologies have 
been proposed to remove CO2 from gas streams, such as physical absorption, absorption by chemical 
solvents, cryogenic and membrane separation and CO2 fixation by chemical or biological methods. 
Production of biomethane and its introduction into the natural gas grid or its use as a fuel for vehicles 
could increase the energy efficiency and reduce specific emissions (combined cycle gas turbines, district 
heating of CHP units, methane powered vehicles). A simple and low-cost method of improving energy 
efficiency and environmental safety of transport by introducing into hydrocarbon fuels micro doses of a 
universal multifunctional additive is proposed. The method will make a significant contribution towards 
solving the problems of adapting to global climate change and improving the environment. It is capable 
of reducing specific fuel consumption by up to 12% and the requirements for a gasoline octane number 
by 10 points. It significantly reduces emission levels of greenhouse gases and toxic substances and pro-
vides complex improvement of the properties of fuels and the condition of engines.
Keywords: biogas, biomethane, climatic adaptation, energy efficiency, environmental safety, hydrocar-
bon fuels, multifunctional additive.

1 INTRODUCTION
According to the assessment of the International Resource Panel [1] the annual global use of 
material reached 70.1 billion tonnes in 2010, up from 23.7 billion tonnes in 1970. Thereby, 
over the past four decades, global material use has tripled and this has led to an acceleration 
of the processes of climate change and air pollution.

This creates serious challenges concerning the sustainability of modern civilization. Pri-
orities and national solutions in terms of climate protection and the reduction of the overall 
environmental risk should be individualized in accordance with local conditions and oppor-
tunities [2, 3]. In particular, the situation with the generation of electricity and transport 
development in Europe, a hydrocarbon deficient region, is different from that of Russia, the 
world’s largest producer of oil and gas. Table 1 shows the total proven Russian hydrocarbon 
reserves in comparison with the values of reserves in the world as a whole and those in 
Europe and Eurasia.
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Therefore, the task of selecting the optimal technologies must take into account the local 
conditions. For the countries with substantial hydrocarbons resources an important task is the 
overall increase in energy efficiency, which will contribute to the growth of competitiveness 
of the national economy. It is important for European countries to focus their efforts on pro-
gress in technology that will reduce the cost of alternative energy. Figure 1 shows the 
dynamics for the consumption of biofuels (except for fuel ethanol and biodiesel) for some 
European countries.

It is necessary to direct investment flows to projects that improve energy efficiency and 
develop new technologies in energy, industry and transport. In addition, there is a require-
ment for the immediate implementation of low-cost measures that take into account the local 
conditions. Such measures can have a significant impact in the short term.

2 AN APPROACH TO BIOGAS VALORISATION
In order to reduce and minimize the effect of greenhouse gas (GHG) emission the European 
Union with the Directive 2009/28/EC has promoted the use of renewable sources, for the 

Table 1: Total proved reserves of oil, natural gas, and coal*.

Reserves

Total World Europe and Eurasia Russia

Billion 
tonnes**

Share of 
total, %

Billion 
tonnes

Share of 
total, %

Billion 
tonnes

Share of 
total, %

Share of Europe 
and Eurasia, %

Oil 239.4 100.0 21.0 9.1 14.0 6.0 67.0

Natural 
Gas

186.9 100.0 56.8 30.4 32.3 17.3 56.8

Coal 891,531 100.0 310,538 34.8 157,010 17.6 50.6

*Based on the data from Ref. [4].
**The data for natural gas are indicated in trillion cubic metres.

Figure 1: Dynamics of biofuel consumption (based on the data from Ref. [4]).
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energy production, instead the fossil fuel. In this context the use of biomasses is an interest-
ing example of this application.

In the field of biomasses conversion to energy we can identify two different possibili-
ties mostly connected to the molecular structure and to the water content of the biomasses 
[5, 6]:

•	 Thermochemical processes (in particular direct combustion, gasification and also py-
rolysis): these processes are convenient for biomass with carbon to nitrogen ratio (C/N) 
higher than 30 and with a moisture content lower than 30%. In this category we find all 
the vegetable biomasses;

•	 Biochemical processes (in particular anaerobic digestion): these processes are suitable 
for biomass with carbon to nitrogen ratio (C/N) lower than 30 and with moisture higher 
than 30%. In this category we find the aquatic cultures, some agricultural by products, 
municipal and industrial effluents.

In this study the authors analyzed in particular the biochemical processes with the anaerobic 
digestion of different biomasses (agricultural products such as for example maize silage, 
sorghum and organic waste), which in fact is today the most widespread technology used in 
order to obtain bioenergy. According to research performed by the Fraunhofer Institute [7], 
there were about 10,000 biogas units in Europe in 2012 with the expected increase to 13,500 
by 2016.

The biogas produced from anaerobic digestion of different biomasses is in gen-
eral valorized from the energetic point of view using internal combustion engines [8]. 
In this way the production of electric energy or combined electric and thermal energy is  
possible.

Biogas produced by anaerobic digestion is composed mainly by methane  
(40%–65%) and carbon dioxide (25%–60%). Trace amount of other components 
such as water (2%–8%), hydrogen sulphide (0.005%–1.5%), nitrogen (<2%), ammo-
nia (<1%) and carbon monoxide (<0.6%) can be present. In account of the great amount 
of methane present an alternative use of biogas is the production of biomethane [9, 10]. 
Biomethane, if adequately compressed, could be used as fuel for vehicles or injected into 
natural gas pipeline. In order to obtain the biomethane the biogas treatment processes are  
divided into:

•	 biogas cleaning to remove trace components harmful to the natural gas grid through 
chemical physical and biological processes;

•	 biogas upgrading, where CO2 is removed to meet the purity and calorific value required 
for natural gas use.

•	 Biogas upgrading techniques could be [9–11]:

•	 physical absorption with pressurized water;

•	 physical absorption with pressurized organic solvent;

•	 chemical absorption with aqueous alkanolamine solutions (MEA/DEA etc.);

•	 pressure and Vacuum Swing Adsorption (PSA/VSA);

•	 membrane separation;

•	 cryogenic separation.

The most applied techniques in Europe are absorption with pressurized water and PSA.



 E. Magaril, et al., Int. J. Sus. Dev. Plann. Vol. 12, No. 8 (2017) 1329

2.1 Biogas plant

In the present study some results reported in a previous work [12] are reported and analyzing. 
In particular the study analyzes an anaerobic digestion plant (mesophilic condition) fed with 
cattle slurry and maize silage.

From the energetic point of view the available thermal energy of the produced biogas is 2.5 
MW [13]. Table 2 and Figure 2 show the specifics of the studied biogas plant.

2.2 Environmental evaluation and comparison between the production and use of biogas 
and the production of biomethane

In this section the results of the implementation of the dispersion model for the two alterna-
tive solutions: anaerobic digestion plant and valorization of the biogas with combustion  
(Fig. 2) and production of biomethane (Fig. 3) are reported and analyzed. The pollutants 
analyzed are NOx and PM (particulate matter) (that are the two main contaminants responsi-
ble to the local impact) [12].

In order to evaluate the pollutant dispersion a Gaussian model was used. The meteorological 
data was supplied by the Piedmont Regional Agency for the Environmental Protection (ARPA).

Table 2: Specific features of the analyzed plant.

Substrates
Input 
(t/d)

Dry matter 
mass 
fraction

Volatile 
solids/ dry 
matter mass 
fraction

Volatile 
solids 
(VS)  
(t VS/d)

Biogas yield/
volatile 
solids  
(m3/t VS)

Biogas 
production 
(m3/d)

Biogas 
production 
(t/d)

Cattle 
 manure

48.5 0.22 0.75 8.0 400 3200.3 3.52

Maize  
silage

47.5 0.35 0.95 15.5 700 10850.5 11.94

Total 96 0.56 - 23.5 - 14050.9 15.46

Figure 2: Scheme of the analysed process.
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In order to define the turbulence the six ‘stability classes’ defined from Pasquill are used: 
A, B, C, D, E, and F [14]; in particular class A means the most unstable or most turbulent 
conditions, instead class F means the most stable or least turbulent conditions.

In the simulations the two stability classes A (unstable condition) and F (stable condition) 
are used. The results for the two scenarios are reported on the iso-concentration maps of 
Figures 4 and 5 for NOx and Figures 6 and 7 for PM. 

Figure 3: Scheme of the biogas upgrading process.

Figure 4: NOx dispersion for biogas plant (a) and methane boiler (b) – stability class: F.
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Figure 5: NOx dispersion for biogas plant (a) and methane boiler (b) – stability class: A.

Figure 6: PM dispersion for biogas plant (a) and methane boiler (b) – stability class: F.

Italian regulations impose an annual concentration limit for NOx of 40 μm/m3, for PM10 of 
40 μm/m3 and for PM2.5 of 25 μm/m3. 

The emissions derived from the two scenarios analyzed are lower than the maximum value 
indicated from the Italian regulation; anyway, the additional contribution to the normal pres-
ence of pollutants may be significant. In fact the background situation concerning these 
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contaminants (in particular for the NOx) is already critical and so the higher NOx and PM 
concentrations may cause negative effects for the possible recipients (human or vegetable).

3 CLIMATIC ADAPTATION AND SUSTAINABILITY OF TRANSPORT 
CONSUMING TRADITIONAL MOTOR FUELS

3.1 Problems of improving the energy efficiency and environmental safety of transport 
operation

Modern problems of transport sustainability represent the critical comprehensive environ-
mental and economic challenge to civilization. This is due to the rapid growth of a world 
vehicle fleet adapted to liquid petroleum fuel whose consumption is also continually increas-
ing while oil and gas resources are rapidly depleting. Vehicles are one of the major consumers 
of oil products and consequently, the generators of greenhouse gases and toxic byproducts of 
combustion into the atmosphere, as illustrated in Figure 8. This exacerbates both the problem 
of global climate change and the environmental situation. Traditional fuels and the products 
of combustion bring increased risk to the environment the solution to which requires a sys-
tematic approach [15]. Adapting transport to climate change requires a reduction in specific 
fuel consumption. Energy efficiency and environmental safety of vehicles’ operation are 
highly dependent on the quality of the fuel used [16–21]. An improvement in the design of 
vehicles and engines, as well as other methods for reducing the negative effects of transport 
operation for the environment are inefficient when using poor quality fuel. In this way, the 
improvement of the quality of motor fuels should be considered as a priority task.

The importance of improving the energy efficiency and environmental safety of vehicles 
require the rapid implementation of innovative and highly efficient technological solutions. 
Despite efforts to develop and deploy the alternative fuels and energy for transport, they have 

Figure 7: PM dispersion for biogas plant (a) and methane boiler (b) – stability class: A.
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not yet contributed significantly to the structure of the world’s growing vehicle fleet. In addi-
tion, carbon footprint calculations have shown that in some cases the advantages that can be 
derived from rejecting traditional fuels are not at all obvious. For example, by switching to 
electric cars we will get the local benefits, a rehabilitated urban environment, but in terms of 
overall emission reduction – the electricity itself can be generated from ‘dirty’ sources, and 
the process of creating electric vehicles themselves also is accompanied by harmful emis-
sions into the atmosphere. The most rapidly implemented and low-cost way to improve the 
environmental and operational characteristics of cars is through the use of highly effective 
fuel additives [22–25]. Therefore, this method is of interest to both developed and developing 
countries.

3.2 Universal multifunctional fuel additive for improving the energy efficiency and 
environmental safety of vehicles

A method improving the quality of traditional motor fuels using a universal multifunctional 
additive has been developed [24, 26]. The proposed additive combines the properties of a 
surfactant and a gasification catalyst.

The application of the additive in gasoline and diesel fuel in minor quantities (9.25 ppm 
for gasoline and 27.75 ppm for diesel fuel) has a comprehensive positive impact on the 
properties of the fuel and the performance of the engine. A single introduction of the addi-
tive into the engine eliminates carbon formation, keeping the engine clean [28, 29], and 
substantially reducing specific fuel consumption, which, in turn, significantly contributes 
to the solution to the problem of adapting transport to climate change. Figure 9 shows the 
exclusion of carbon deposit in the engine after the additive application. Constant use of 
the additive provides additional positive effects including improved detergency, which 

Figure 8:  Total world greenhouse gases emissions by sectors (2014) (on the basis of Ref. 
[27]).
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ensures the engine fuel system is kept clean, lubricating properties, reduced loss of gaso-
line through evaporation and improved mixture formation when injecting the fuel into the 
engine. Table 2 demonstrates the results of the developed multifunctional additive appli-
cation (the laboratory, test bench, traffic operation and experimental-industrial checkout). 
Compulsory application of the additive will reduce dependence on a gasoline octane rat-
ing [28, 29]. Consumption of gasoline and diesel fuels by engines will also be reduced. 
Unique in its simplicity, efficiency and low cost, the method integrates the characteristics 
and capabilities of the nanotechnology and effects equivalent to the use of package of the 
effective additives to the fuel. Use of the multifunctional additive significantly reduces the 
emission of greenhouse gases and toxic substances during the operation of vehicles and 
improves the condition of the engines. The emission of benzo(α)pyrene, which is the 
strongest carcinogen, is reduced by 95%. Using fuel that contains the additive produces 
no additional toxic substances in the exhaust gases that were not observed without the  
additive. 

The high efficiency of the developed additive was confirmed by its application in the pro-
duction of approximately 360,000 tons of gasoline and 40,000 tons of diesel fuel, which 
were used in the experimental-industrial checkout. The additive is synthesized from obtain-
able, low-cost substances. Its production does not require highly qualified engineers and 
complicated facilities. The additive can be introduced into the during the production of 
the fuel, into the finished product, at the petrol station and directly into the vehicle’s fuel  
tanks. 

Figure 9:  The cylinder faces of internal combustion engines after the test run: (a) control car 
(without the additive); (b) testing car after application of the additive.
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4 CONCLUSIONS
The problems of the energy, industrial and transport sectors adapting to climate change and 
the need to mitigate their environmental hazards cannot be overemphasized in the context of 
modern civilization and its future development and efforts to achieve this must be integrated. 
However, the implementation of the global strategy and the selection of the optimal techno-
logical solutions depend on the specific conditions in different countries. 

The priorities should be increasing the energy efficiency of the technological processes 
and transport operation and the development of competitive alternative fuels and energy.

The study evaluated the biogas production process while considering different end-use 
solutions with particular reference to limiting atmospheric pollution and also reducing GHG 
emissions (the main reason for climate change). In this specific case, the present study points 
out that upgrading biogas to biomethane may represent an environmentally friendly alterna-
tive to the on-site combustion of biogas in CHP units, especially in the cases where the 
energy content of the gas is not fully cogenerated and all or part of the thermal energy pro-
duced is not capitalized.

The proposed method for improving the energy efficiency and environmental safety of 
transport operation using the universal multifunctional additive creates not only environmen-
tal benefits but also high economic motivation for its use. The fuel producers are motivated 
due to lower requirements for the octane number of gasoline, which dramatically reduces the 
cost of gasoline production. The consumers will get improved fuel economy for their vehi-
cles. Widespread implementation of the method will significantly mitigate the negative 
environmental impact of transport operation and contribute to the process of adapting trans-
port to climate change.

Table 3:  Effects of the additive application (concentration of the additive 9.25 ppm in  gasoline 
and 27.75 ppm in diesel fuel)*.

Characteristics
Gasoline engines, 
gasoline

Diesel engines, 
diesel fuel

Fuel consumption -5%-12% -4%-7%

Reduction of carbon deposits ~ −95%-100% ~ −95%-100%
Detergent properties, decrease of cleaning time, 
times

2.33 2.33

Emissions:
Carbon monoxide
Nitrogen oxides
CmHn
benzo(a)pyrene and its homologues
soot

-15%-30%
-20%-26%
-8%-35%
-95%-96%
-

-15%-17%
-20%-22%
-35%-37%
-

-40%-50%
Requirements to octane number -7-12 items -

Cetane number - +3 items
Lubricating properties (coefficient of static friction) - -25%
Saturated vapor pressure −15%–25% -

Vaporization loss of gasoline −17%-30% -

*Cost of the additive 1$/ton of gasoline, 3$/ton of diesel fuel.
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CONTEMPORARY CULTURE SITES
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ABSTRACT
There is architecture that could be called “timeless”: places built by ancient civilizations where trans-
formative human interventions have been successful; in fact, despite making small changes related to 
new needs, they have allowed the preservation and maintenance of this architecture. The shipyards of 
the Mediterranean can certainly be connoted as “timeless” places; they are characterized by simple 
structures, as they are factories and buildings without value; at the same time, they are imposing build-
ings, as they include other minor construction yards for the construction of vessels. They became an 
economic and social way to develop the culture of a site. These buildings are witnesses of an archi-
tectural monumentality that, although medieval, nevertheless displays a contemporary conception of 
space: great depth, good perspective and arches that seem to chase each other. This is the reason 
why, despite time, these buildings have always managed to perpetuate in new and different functions. 
This research analyzes the role that these places currently perform; the redevelopment and recovery 
processes that are submitted to ensure that this architecture continues to dialogue with the historically 
consolidated urban contexts, responding to the needs of contemporary living (i.e. from naval factories 
to factories for culture). The project of “controlled modification”, to which this architecture is now 
subjected in order to go on living, belongs to the knowledge or methodological approach which allows 
space and time to be given to these places and also to their particular production and commercial 
importance.
Keywords: mediterranean basin, recover & valorization, shipyard, space versatility.

1 INTRODUCTION
In the Middle Ages, the buildings that defined urban complexes were formed, on the one 
hand, by a scattered and varied domestic architecture and, on the other, by fine architecture 
marked by the centers of political power – the castle and then the palace – and of religion: the 
cathedral; these construction sites become, for a period, the economic driving force of a city 
or even of an entire region. It was in this period, in fact, that new techniques were developed 
that allowed the construction of majestic buildings.

The architectural majesty, however, belongs not only to these categories but also in build-
ings of purely industrial character. Naval arsenals undoubtedly belong to this further class, in 
fact they are group of buildings characterizing urban centers developed in the Mediterranean 
coastal areas or on the banks of navigable waterways.

The shipyards are generally composed of a simple structure, marked by elementary arch 
and truss systems, which, however, outline ample and powerful spaces. Construction sites 
like this should certainly appear similar to their contemporary counterparts; Spanish histo-
rian, Pablo Pérez Mallaína, describes the shipyard of Seville as being like a mosque, for its 
mudéjar style [1]. In this era, the development took place of the most important projects in 
respect of military and commercial vessels, which transformed the Mediterranean Sea into 
the main location for naval engineering.

The way in which this era ended and the time at which it ceased differed from arsenal to 
arsenal for individual reasons; with its end you see the cessation of the activities for which 
these buildings were designed. In spite of this, the facilities have come down to us, after 



 A. Guida, et al., Int. J. Sus. Dev. Plann. Vol. 12, No. 8 (2017) 1339

almost 800 years of history, in which they saw kaleidoscopic changes of use. These places, 
which seem to be bestowed with an anonymous spatial conception, are like skeletons, on 
which different uses took turns and which new uses seem to want to adapt.

2 NAVAL FACTORY ON THE MEDITERRANEAN BASIN
The arsenals have been responsible for the devolopment of the major port cities that are cur-
rently in the western Mediterranean countries: Italy, Spain, France, and the eastern 
Mediterranean countries, such as Croatia or Turkey, as well as all those on the coast of Africa, 
dominated in the Middle Ages by the various Arab dynasties that gave strong impetus to the 
construction of these industrial facilities.

The port cities constituted strategic points throughout the territory in question, so as to cre-
ate a network of connections to facilitate communication by sea, thus marking the trade 
routes that favored the exchange of goods that the various populations were interested in 
exporting or importing. In this way, the arsenals, as well as being constructed to acquire mili-
tary fleets, represented the starting point of a political and socio-economic process that 
involved much of the population of these cities, whose members held different tasks and 
roles, depending on the competencies and skills they possessed. In this sense, the arsenals, 
both during construction and with the subsequent practice of the shipping industry, were able 
to create a larger and more complex system than what we understand today by a medieval 
factory. They saw, in fact, the involvement of all those craft activities associated firstly with 
wood, but also with the production of ropes, fabrics for sails, tools to produce all those ele-
ments in iron (ranging from smaller items, e.g. nails for junctions, up to anchors or large 
guns), in addition to the preparation of foodstuffs to be cooked on each vessel to ensure 
nourishment in the face of long and risky travel.

In relation to all these activities, also, in each city, the various naval powers provided 
mutual agreements in order that they might own the areas inside the walls to install buildings, 
called fondachi, for the storage and sale of goods, in addition to granting accommodation for 
the foreign merchants [2].

Arsenals found in key locations, however, more or less distant from the urban center, usu-
ally presented themselves as an extended complex of buildings. Although, from the 
architectural point of view, the type is similarly repeated across the entire Mediterranean, 
reproducing the Greeks’ neoria and the Romans’ navalia, the configuration varies, depending 
on the importance and magnificence the port acquired over the centuries.

To the Serenissima belongs, without doubt, the most vast and articulated arsenal of the 
time. At the height of its splendor, Venice saw an extension on its eastern end of a real neigh-
borhood, the result of additions of different buildings for morphology, type and function, 
around a polygonal dock connected by two gates, one leading towards the inside of the city 
(Porta di Terra) and the other towards the Adriatic Sea (Porta d’Acqua) [3]. Smaller, but very 
important, are the arsenals of the Republic of Pisa (Fig. 1 left); these were arranged around 
an artificial harbor, connected, in this case, through a gate (called delle Galee) to the right 
bank of the Arno River. Of ancient Terzana, the name given to that place by the people of 
Pisa, only four of the original 60 to 80 aisles remain; built against the wall for the storage of 
galleys, they fortified the city for half the 13th century on the other sides [4]. Further south, 
still on the Italian peninsula, on the Tyrrhenian coast, Amalfi was also equipped with a ship-
yard (Fig. 1 right). Originally composed, according to a hypothesis, of only threeaisles, which 
stretched toward the coast with its facade in direct contact with the water [5], it now has two, 
divided by ten pillars.
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Similar industrial complexes were built in the Iberian territories. In Valencia, there are five 
aisles in the Grao district. Grao was originally a settlement near the sea that depended on the 
city, built away from the coast due to the hostility of the territory. Around the 14th century, 
with the growing naval activities, it was decided to provide this settlement with an arsenal 
(Fig. 2 left). This was not just made up of the aisles but also of other structures, such as large 
tanks of water for the preparation of wood for the construction of boats, warehouses and a 
noble house, typical of the residence of the inspector of the yard’s activities [6]. In Andalucia, 
on the west bank of the Guadalquivir river, also in Seville, las Reales Atarazans can be found 
(Fig. 4): an entire block that today is heterogeneous mixture because of the transformations 
that the arsenal has suffered over the centuries. It is an arsenal that at its completion consisted 
of 17 aisles, perpendicular to the watercourse, of which the five southernmost were torn down 
in the middle of the last century, those in the center having been transformed and adapted for 
a hospital complex and a church in the modern age, while, in the seven northernmost aisles, 
one can still perceive the appearance, although altered in part, it had in medieval times [7]. 
Another arsenal belong to the city of Barcelona (Fig. 2 right). Consisting of a great complex 
of eight aisles, currently seven because the two central were merged into one, it represented 
the most important shipyard in the kingdom of Aragon and one of the leading arsenals in the 
western Mediterranean [8].

If you travel on the Eastern Front you encounter other examples of naval arsenals; one such 
is Tersane of Alanya (Fig. 3 left), located on the east coast of the Gulf of Antalya, Turkey. A 
peculiar model of a yard, its five aisles are in direct contact with the water [9]. Thanks to this 

Figure 1: Republican Pisa (left) and Amalfi (right) dockyards.

Figure 2: Interiors of Valencia (left) and Barcelona (right) dockyards.
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configuration, it allowed easy and convenient maneuvering for entry to and exit from the 
arsenal of boats; although modest in size, this made it unique. In Croatia, in the main center 
of the island of Hvar, in the late 13th century, Venice ordered the construction of a shipyard 
for the galleys; this fell to ruin through the wear and tear of time. It was replaced in the 16th 
century by a shipyard (Fig. 3 left) with a single large nave, spaced out by seven majestic 
arches, surmounted by a further elevated space enclosed by a wooden truss structure [10].

As can clearly be seen, there are many factories of this kind, more or less large and articu-
lated, that are still located today across the entire territory of the Mare Nostrum.

3 ANONYMOUS STRUCTURES WITH VERSATILE SPACES
Bricks and blocks of stone and small-sized elements, ingeniously arranged and fastened to 
create rows of massive piers, connected by arches: elements that follow one another repeating 
in parallel series, blending together with complementary substantial wooden structures. 
Traditional elements of architecture, built with expert and ancient techniques of construction 
have generated sites that to any eye appear charming and fascinating. Thus appear naval arse-
nals: simple and essential structures, defined, in most cases, by an orthogonal grid of pillars 
that develops in a longitudinal sense to form rectangular areas, in which commercial or war 
boats took shape.

Although structurally simple, the configuration of a naval arsenal, without any decoration, 
makes the rhythmic and repetitive succession of arches and pillars produce exemplary per-
spective games in any direction. It is this feature, that of greater formal value attributable to 
these buildings, which makes them, therefore, unique and exciting. The spaces, thus gener-
ated, although unconsciously, are an absolutely contemporary concept, compared to the 
architectural theme that is in search of more and more spaces that are versatile and adaptable 
to different purposes. The test of time, in fact, is the demonstration of how such structures, 
even after the loss of their principal function and despite the low aesthetic value, have not 
undergone demolition but have seen a succession of transformations and changes of use, to 
which it seems they are always well adapted.

From their origins as naval factories, the spaces have been used as warehouses for wheat, 
for wool, for mercury, etc. In the case of Seville, the first aisle, the northernmost, was con-
verted into a fish market [11], dividing it into multiple small stores, arranged on the long sides 
by creating a central passage: a real covered market. Many of the arsenals were converted 
from naval to military use, providing for the manufacture of artillery with annexed places for 
military training, as is the case of the arsenals of Barcelona or Pisa. The latter, for a period, 

Figure 3: Alanya (left) and Hvar (right) dockyards.
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was identified as the “cittadella”, because of its military function. The uses to which the 
arsenals have been put, however, are not only in the area of productive activities but also 
cultural; in fact, an aisle of the arsenals of Valencia was used as a cinema room, while, since 
the beginning of the 19th century, the upper floor of the arsenal of Hvar has housed a small 
theater, consisting of an auditorium with loggias.

Today, the project directives seem to be changing, thanks to a strong process of awareness 
of historical architectural heritage; this is definitely converting these factories from industrial 
to cultural centers.

4 NEW PROJECTS FOR ANCIENT PLACES WITH CONTEMPORARY SPACES
The transformations and changes in usage suffered by these arsenals, in some cases, have 
been consolidated in the present day, while, others, especially after the two world wars, have 
been lost, causing improper use of the sites or even abandonment. Only when the concept of 
historical and artistic heritage extends not only to the main monuments of the city but also to 
buildings with a historical-technological and socio-cultural value, will naval arsenals return 
to the center of attention in historical port cities. These were greatly impaired buildings, 
obsolete and altered in morphology, so much so that, in some cases, the result was that it was 
difficult to read the original structure.

As techniques and technologies of naval architecture have evolved so much, changing the 
logistics of production and trade, we have seen the need to move industrial facilities outside 
residential areas. So, the historical buildings, which now present themselves as modest and 
unsuitable spaces for today’s naval techniques, remain huge and interesting for the parallel 
activities of the new way to experience the city: the city which belongs not only to those who 
live here but also to all those tourists and travelers who journey in search of knowledge and 
to discover different cultures, visions, perceptions and ideas.

According to this logic, historic urban centers, dense and intricate plots, are forced to adopt 
large containers for use as city museums [12]. In the case of port cities, however, it was 
thought good to convert the grand spaces of the arsenals. Now, incorporated into the historic 
urban fabric, besides themselves telling the story of the city, within, they host exhibitions and 
cultural activities at the local, national and even international level.

The modern uses for historical, naval arsenals as destinations depends on both the size of 
the spaces and their potential and, finally, on the social and economic policies that character-
ize the individual cities in which they are located. It is certain that the original function could 
not be restored; with this in mind, these classifications can be found, according to the new 
destinations:

•	 Naval museum and museum of the city-harbor;

•	 Cultural center, art exhibitions and workshops;

•	 Specialized centers for boating and marine innovation;

•	 Spaces still unused and waiting to be recovered.

In particular, the arsenals of Amalfi, Barcelona and Alanya have been converted into muse-
ums with replicas of ancient galleys, tools and objects related to the art of shipbuilding, as 
well as documents that can relate and clarify to visitors the evolution of maritime knowledge 
during the Middle Ages. The arsenals of Pisa, Valencia and Hvar have been restored and are 
used as versatile spaces, alternating as exhibition centers for various art and cultural initia-
tives, interactive workshops, or as tourist information centers. Despite the many failed 
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attempts to construct a cultural center, Las Atarazanas of Seville remains at the center of a 
controversy because of a debate regarding the definition of the floor surface.

Because of the vastness and the complex set of arsenals and following a recovery and reno-
vation process, although slow, the case of Venice is characterized by ingenious and original 
architectural interventions. Besides making the spaces of the Corderie, Artiglierie, Tese of 
the XVI and dell’Isolotto usable and functional, through the Biennale, among the most 
famous and prestigious cultural institutions in the world (with several cultural activities like 
shows and exhibitions), they are putting in place projects with the goal of reconnecting the 
arsenal to the city. MAP Studio’s project (2009–2011) for the Porta Nuova Tower hoisting 
machine, in addition to ensuring the preservation and enhancement of the building, combines 
the need for further exhibition and cultural center space in the Darsena Novissima area. The 
key objective of the project was the introduction of a modern vertical path in Cor-Ten steel, 
alternating stairs, ramps and walkways, parallel to the ancient wooden ones recalling Pirane-
si’s drawings, which links the conference room on the ground floor and an exhibition space 
at the top, also treated and coated with the same material (Fig. 5).

Also, among the most advanced projects are included those of the Tesa 105 recovery, 
which is the new entrance to the north of the arsenals, where there are facilities for a research 
center (the work of architects Holguin - Morales - Solis, realized in 2012). In the inner space 
of Tesa, considered as empty, a steel and glass autonomous structure has been created in 
contrast to the brick that surrounds it. The new building is designed in the same way as that 
by which the boats were realized: raised on a few supports. Small spaces on the lower level 

Figure 4: Interior space of Reales Atarazans in Seville.

Figure 5:  Elevation and plan of a “hoisting machine”, Paris, Archives Nationales and Torre 
Porta Nuova recovery project (pictures from http://www.map-studio.it/).
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support those of larger size in which the offices are distributed. On the top level, two glass 
spaces embrace the covering structure of the iron truss, defining the meeting rooms (Fig. 6).

The Lamierini shed was designed as a center specializing in marine and coastal technolo-
gies (made by Alberto Cecchetto in 2002); instead, a kind of vessel of a contemporary curved 
shape, whose base is predominantly matte, coated steel, polycarbonate and glass, has been 
inserted, while the upper body is transparent, allowing a view of the interior space of the 
shed. The whole structure is placed close to one side of the brick wall, leaving free an open 
space for the movement of materials and laboratory machinery (Fig. 7).

Finally, we consider the transformation of a structure in the arsenal station of Venice’s 
harbor door control (project conceived and developed by C+S Architects in 2011). Here, the 
place that most thought would be dedicated to the operators has been reshaped to accommo-
date the computer terminals for the management of marine traffic. This is an ambitious 
project that means that, due to the constant updating, the Venetian arsenals are still capable of 
continuing their naval activities in a new technological way. The room is occupied by a single 
cuboid building for sanitary facilities, also in this case in Cor-Ten steel, called Relitto, accom-
panied by a fissure on the floor; a staircase leads to the data processing center. Moreover, all 
of the glass cover systems are equipped with sophisticated technologies for the production of 
energy, showing that interventions for the recovery of historic buildings can be combined 
with those for environmental sustainability (Fig. 8).

Figure 6: Recovery project of Tesa 105, Venice (pictures from http://www.studioglass.it/).

Figure 7:  The new structure built into the Lamierini warehouse, Venice (pictures from http://
www.studiocecchetto.com/).
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5 NAVAL ARSENALS: ARCHITECTURAL STRATEGIES FOR CONSERVATION 
AND VALORIZATION

The contemporary interventions performed on the arsenals’ structures range from pure resto-
ration, to works of consolidation and maintenance, up to a recovery of the interior spaces; in 
any case, they are carried out so that the arsenals maintain their identity, independent of any 
new use. The tendency is to free the interior of any partitions that are incongruous, restore the 
missing parts of the original structure, preferably using original materials found in situ, and 
clean up the elements, bringing to light the fairfaced stone materials, and, where necessary, 
deciding on the replacement or repair of wooden roofs, which in most cases are damaged and 
strongly degraded. In so doing, one tries to obtain a picture, which is, as far as possible, uni-
form and clear, so that the majestic feel of the place can be perceived, consistent with what 
the original shipbuilding factory was supposed to look like.

Restoring the formal image, one also tries to suggest the scenic atmosphere of all the 
activities carried out in the yards. It is for this reason that many of the historical arsenals have 
been converted into naval museums; large vessels, from archaeological excavations or mere 
reproductions, are inserted into the aisles, returning the authentic feel of the ancient art of 
shipbuilding. The goal is to return the arsenal in its entirety to life, although users-to-be are 
not masters or arsenalotti but visitors who immerse themselves in the past to discover the 
medieval world of navigation.

However, recently, in the great and mighty arsenals of Venice, they have experienced real 
recovery operations, which, in addition to providing maintenance, are intended to redevelop 
the entire complex so that it can come back, brimming with life. In this case, it is unthinkable 
to convert the entire Arsenale into a museum; the idea is to transform this structure into a 
suitable space for the community [13].

This strategy leads to the addition of new elements to the old structures: autonomous 
objects, with new structures, independent from the originals, distinct and recognizable mate-
rials and technologies with respect to masonry walls. Consisting of steel elements, coated 
glass and Cor-Ten, they are assembled dry, according to the logic of reversibility. They are 
structures, designed with the same concept as that of the boats: assembled through joints, 
they remain independent from the architecture that protects them.

6 CONCLUSIONS
There is some architecture that could be called “timeless”: places built by ancient civiliza-
tions that have won over man, who, although making small changes according to the new 
requirements, has allowed their preservation and maintenance.

Figure 8: Harbor Brain Building in Venice’s Arsenale (pictures from http://web.cipiuesse.it/).
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There is no doubt that the arsenals can be denoted as “timeless” places; conceived as ship-
yards for shipbuilding, it was with this purpose in mind that simple structures had to be 
designed, because they were industrial rather than prestigious buildings. At the same time, 
however, they were impressive, because their interiors had to accommodate many minor sites 
for the construction of boats.

Despite the construction techniques in masonry, the arsenals are still defined by serial 
 elements: slender pillars and arches draw “frameworks”, in brick or stone ashlars, which mark 
an architectural rhythm, as the Perret and Le Corbusier buildings in reinforced concrete, in 
which the main character is just the framework structure, which allows complete flexibility of 
space.

In the arsenals, in fact, we can find, paradoxically, some of the famous five points of Le 
Corbusier:

•	 the most obvious is that of the “free plan”, which is free of structural walls and consists 
only of pillars that allow, on the one hand, the full perception of space and, on the other, 
an easy subdivision of it, according to the various needs;

•	 the facade is “free”; in fact, if the arches were originally kept open to allow the passage 
of boats, then they were, in many cases (Seville, Valencia), walled up, not only by simple 
closings that would allow the use of the interior space but also by imposing facades. To-
day the arches are once again gutted and left empty or even equipped with huge windows 
(the arsenals of Pisa, for example) running from pillar to pillar: another Le Corbusier 
point (la fenêtre en longueur);

The reason why these medieval buildings seem right to us today is their structures, which 
allowed functional versatility, and that is why we continue to protect them and try once again 
to recover them and give them new splendor.
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ABSTRACT
Tourism constitutes the more dynamic activity in some coastal areas of Mexico. This paper has as 
a goal to describe and analyse touristic development and to value its economic, environmental and 
social impact in the coastal area of the “Integrally Planned Center of Los Cabos”. Descriptive analytic 
statistical techniques are applied, based on the methodology of indicators of sustainable development 
for touristic destinations of the World Tourism Organization. The research descriptive considering 
two analysis periods: the year 2000, when the destination reaches maturity or consolidation, and 2015, 
year that represents an inflection point in the touristic, economic and social matters, this because of the 
effects of the “Odile” hurricane, situation that propitiate a relative process of resilience in Los Cabos. 
The document incorporates three sections; first the analytic and contextual framework is exposed which 
describes the Los Cabos evolution since its creation as an international touristic destination and the 
impact that such activity has propitiated on the local sustainable development in the coastal touristic 
cities belonging to the conurbation of San Jose del Cabo-Cabo San Lucas. Afterwards, we present the 
methodology and techniques on which the research is based on, highlighting the calculation of the tour-
istic competitiveness indicators, and urban, social and environmental development. In the third section, 
the results refer that –economically- the destinations has reached certain competitiveness, however, the 
urban, social and environmental indicators in the cities being studied, showed a relative regression on 
the comparative evaluation of 2000 and 2015.
Keywords: coastal areas, los cabos, touristic sustainability indicators.

1 INTRODUCTION
One of the most significant challenges facing tourism planning and management in coastal 
cities is associated with the achievement of results that relate the models of sustainable tour-
ism development with the private use of natural resources put into value

Today, the Municipality of Los Cabos is a consolidated international tourist destination, 
a situation that has led to a great economic growth in the region of the extreme south of the 
peninsula of Baja California. However, like other tourist-coastal cities in Mexico, this 
destination is characterized by a high spatial segregation, with marked differences in 
access and availability of public services and urban infrastructure, social marginalization 
and low identity and rootedness of immigrants to the region [1]. The coastal cities that 
concentrate the tourist attraction in the Municipality of Los Cabos are Cabo San Lucas, 
San José del Cabo and the so-called tourist corridor that links both cities, leaving out of 
this development the northern and rural areas of the Municipality. The disorderly growth 
experienced by these cities and their conurbation has led to the marginalization of large 
sectors of the population. For example, more than 30% of households do not have basic 
urban services in contrast to the exclusivity of the classification of this destination at inter-
national level, which represents a major challenge for the future competitiveness of tourism 
in Los Cabos [2].
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In this context, the objectives of this paper are to describe and analyze the tourist develop-
ment and to evaluate its economic, environmental and social influence in the coastal cities of 
the municipality of Los Cabos. The first part of the document sets out the methodology of the 
research, followed by presentation of demographic, economic and tourist indicators that 
show the impact that tourism has generated in the area. The third section presents the results 
and the evaluation of 26 sustainable tourism development indicators applied to Los Cabos for 
the years 2000 and 2015. The results - according to the methodology of the WTO - are inter-
preted from five different approaches: quality of life, tourism competitiveness, institutional 
development, urban development and environmental sustainability.

2 METHODOLOGY
The methodological framework of this article is based on the UNWTO’s “Practical Guide for 
the Development and Use of Sustainable Tourism Indicators” [3]. This is complemented by 
the information obtained by consulting experts in research topics, in order to validate the 
importance of each indicator in Los Cabos. The UNWTO sets out a very broad set of criteria 
for the selection of sustainability indicators to be considered in a tourist destination, a part of 
these was selected to be applied in the case of Los Cabos. Firstly, the relevance of the most 
important problems associated with destination planning and management was considered. 
A second aspect was the viability of its generation and use, as well as the availability of infor-
mation from official sources (frequently periodic), in addition to simplicity and ease of 
interpretation. These criteria were taken into account to establish the universe of 26 indicators 
that are presented in this paper and refer to the case of tourism in the coastal cities of San José 
del Cabo, Cabo San Lucas and the tourist corridor.

The selected indicators were classified into five broad areas, which - according to the 
group of experts - correspond to the factors and areas in which tourism (with associated ser-
vices) generates impacts on sustainable development in the area of study. The research is 
descriptive, at the same time as the source of information was documentary, based on official 
sources, highlighting: INEGI [4], DATATUR [5], Secretary of Tourism, as well as some gov-
ernmental instances at local level, such as: Municipal Institute of Planning Los Cabos 
(IMPLAN) [6], Los Cabos Drinking Water Operator (OOMSAPALC) [7] and Los Cabos 
City Council [8]. In addition, information was provided by various business organizations, 
such as Business Coordinating Council of Los Cabos, Hotel Association and Timeshare Units 
Association, among others.

The areas considered for the ranking of indicators are:

1. Quality of life: its objective is to measure the benefits generated by the tourist activity in 
the destination, in particular in the resident population.

2. Tourism competitiveness: it includes the indicators that allow to evaluate the tourist activity 
and to compare, at national and international level, the competitiveness of the destination.

3. Institutional Development: they are related to the measurement of the financial capacity 
and administrative efficiency of the local authority, to face the challenges posed by the 
urban and tourist development of the municipality.

4. Urban development: they evaluate the functioning and efficiency of the city and the public 
services granted by the municipality; allow establishing if the population has the adequate 
coverage of public services, housing and regional urban infrastructure.

5. Environmental sustainability: they allow measuring the impact of the urban-tourist activ-
ity of the destination on the environment of the region.
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Table 1: Ranking of values of sustainable tourism indicators.

Area Core topics

Parameter or reference 
standart

Sustain-
able Preventive

Cor-
rective 

L
if

e 
Q

ua
lit

y 

1.  Housing connected to the potable water network/
total (%)

>80% [50,80] <50

2. Wastewater treatment capacity (%) >60 [40, 60] <40
3.  Educational expenditure / students enrolled,  

basic education (millions $MXN per pupil)
>200 [130,200] <130

4.  Resources for health (doctors per 1000 
 population) 

>1.5 [1, 1.5] <1

5.  Incidence of property offenses per 1000 
 population

<25 [25, 30] >30

6. Economically active population /total (%) >55 [35, 55] <35

To
ur

is
m

C
om

pe
ti

ti
ve

ne
ss

7. Average Occupancy Factor (%) >45 [30,45 ] <0.3
8.  Increase in the annual supply of rooms  

(number of rooms) 
<1500 [1500,2000] >2000

9. Average tariff rate in GT and 5 stars ($US) >135 [100,135] <100
10.  Matrix of supply by category and type of 

 operation. Core Indicator: % of supply in All 
Inclusive of 4* or less/total supply (%)

<20 [20,35] >35

 I
ns

ti
tu

ti
on

al
D

ev
el

op
m

en
t 11. Own income/ Total (%) >50 [20,40] <20

12.  Municipal public works / total expenditure  
(% without debt)

>11 [2, 10] <2 

13. Current expenditure/total expenditure (%) <30 [30, 45 ] >50
14. Public Municipal Investment ($ MXN) >8000 [6000,8000] <6000

U
rb

an
 D

ev
el

op
m

en
t 

15.  Inventory of territorial reserve en urban zones/5 
years (%)

>40 [0,40 ] <0

16.  Number of houses with earth floor, walls and roof 
of sheet, cardboard and waste materials / total of 
houses (%)

<3 [3, 7] >7

17. Need for housing / existing housing (%) <11 [11,16] >16
18. Surface of green areas (m² per inhabitant) >5 [0, 5] <0
19. Paving coverage / total roads (%) >60 [30, 60 ] <30
20.  Composite indicator on the lag of urban 

 equipment (%)
<50 [50, 70 ] >70

(Continued)
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Table 1: (Continued)

Area Core topics

Parameter or reference 
standart

Sustain-
able Preventive

Cor-
rective 

E
nv

ir
on

m
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ta
l

Su
st

ai
na

bi
lit

y

21.  Total annual average recharge - value of the natu-
ral discharge committed - volume of groundwater 
granted and registered in the REPDA (million m3/
year) (availability of drinking water in the San 
José del Cabo aquifer)

>0.5 [−6,−0.5] < −6

22.  Water consumption per capita (liters / day / inhab-
itant)

<317 [317,350] >350

23. Water supply per room (liters per day) <1260 [1260,1600] >1600
24. Generation of solid waste per capita (kg per day) <0.65 [0.65,1] >1
25.  Solid waste collected from other sources such as 

hotels, restaurants and commerce, per visitor (kg 
/ visitor / day) (Generation of solid waste in tour-
ism by hotel room)

<0.25 [0.25,0.25] >0.5

26.  Area with vegetation cover / total area to be used 
(Natural vegetation cover in useable areas) (in %)

>0.5 [0.2,0.4] <0.2

The evaluation of each of the indicators was weighted based on qualification obtained 
according to the reference parameter or standard. The results generated for 2015 was com-
pared to those of 2000. The year 2000, was selected because that’s when Los Cabos was 
consolidated as an international tourist destination. The year 2015 was taken into account for 
two reasons: the availability of most recent official statistics and because in this year initiated 
a process to create resilience because of the disasters caused by hurricane “Odile” (Septem-
ber 2014). The comparison is expressed in a system of traffic lights that reflects three levels 
of performance: state of sustainability, in process of sustainability, and sustainability at risk.

3 CONCEPTUAL ASPECTS OF TOURISM
It is considered that tourism is one of the main sources of wealth and economic growth in 
some regions, but also generates impacts on environment, social issues and cultural resources 
of the receiving community. In order to minimize negative impacts, a number of international 
organizations, including the World Tourism Organization (UNWTO) and a number of spe-
cialists in the field, have expressed their support to development model framed in the concept 
of “sustainable tourism”. This must consider the interrelationship between tourism develop-
ment and the sustainability of the environment. UNWTO stresses that the guidelines for 
tourism development, in relation to sustainable management practices, apply to all forms 
and / or segments of tourism. The principles of sustainability refer to the environmental, eco-
nomic and socio-cultural aspects of tourism development, and a balance must exist between 
the three dimensions to ensure sustainability in the long term.

The relationship between tourism development and environmental issues has been ana-
lyzed under two main approaches: firstly, tourism as an alternative for economic and socially 
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sustainable development; Secondly, tourism as the origin of socio-environmental deteriora-
tion processes [9]. In this context, it should be considered that tourism can generate adverse 
effects on the environment, but this economic sector is also an opportunity for local develop-
ment. Tourism explores regional vocations, at the same time fostering and integrating other 
sectors to the local and regional economic development. Tourism can generate multiplying 
effects on local economy, fostering value chains based on natural resources [10].

As mentioned above, the effects of tourism (as an economic activity) can positively or 
negatively affect a destination, but it will depend on the quality of the territorial planning (and 
the existence of adequate public policies). To obtain positive and tangible for the society 
results, the multiple dimensions included in sustainable tourism development must be incor-
porated (economic, social, environmental, cultural and institutional), because only balancing 
these dimensions would be possible to guarantee long-term sustainability [11].

However, attempting a sustainable tourism activity may not make sense without the exist-
ence of objective ways of assessing sustainability. The UNWTO states that in order to achieve 
an efficient process of planning and management of tourism, and to assess its evolution, it is 
advisable to use sustainability indicators that identify changes and possible alarm signals 
over time. These indicators provide sufficient and reliable information to define when it is 
necessary to modify public policies or to implement new actions. In addition, with these 
indicators, it is possible to generate a set of data on actual situation of tourism development, 
particularly regarding aspects related to sustainability. This database should facilitate the 
decision-making performed by various stakeholders involved in planning, so that the sustain-
able practices define the future actions.

According to UNWTO, the indicators that refer to the development of sustainable tourism 
correspond to the set of formally selected data regularly used to measure the changes caused 
by the development and management of tourist activities in a locality. These can serve as 
instrument to detect repercussions of these changes on tourist structures and on external fac-
tors influencing tourism. Through the mentioned sustainability indicators, it is possible to 
synthesize previously selected information, which facilitates processing and analysis of data 
in order to implement objective and effective policies. At the same time, instruments and 
programs focused on solving problems and recognizing areas of risk, can be established or 
designed.

At present, the development of coastal cities with a tourist vocation in Mexico faces a 
series of conflicts due to factors as poor planning and territorial organization, high immigra-
tion processes, heavy lags in social infrastructure, lack of public policies to control the 
development of tourism, and irregular settlements. Added to this, the authorities adopt deci-
sions with political criteria rather than social criteria. However, the most important factor in 
tourism is the prioritization of the value of natural resources to the detriment of cultural, 
social and environmental aspects, which - from our perspective - represent the true capital of 
the tourist destinations.

The intensive use of the coasts, particularly when it is oriented to the second-home prop-
erty market or mega tourist developments (tourist enclaves) framed in the “sun and beach” 
model, has been an important topic of research, controversies and demands. That is because 
the growing spatial intervention by the tourism and real estate sectors has contributed (to a 
great extent) to disrupting the sustainable development of coastal cities [12].

In the last decades, mass tourism or “Fordism model” has consolidated in the tourist desti-
nations of sun and beach in Mexico, focusing on those territorial spaces with “natural capital” 
like beaches, vegetation, flora, fauna, as well as areas of privacy or remoteness from large 
cities. That generated accelerated growth of tourist enclaves along the coasts, affecting the 
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environmental, cultural and social value of coastal cities such as Cancun, Acapulco, Puerto 
Vallarta and Los Cabos [13].

The creation of the National Tourism Fund (FONATUR) in 1974 focused on the develop-
ment of tourism projects based on the “Integrally Planned Centers” (CIP) model, whose 
strategy was to create tourist complexes and provide them with basic infrastructure in rela-
tively remote coastal areas, with little economic and demographic development, but with a 
great availability of natural resources. In this way, seven CIPs arose, presenting Cancun and 
Los Cabos the most important economic results [14], based on “sun and beach” tourism.

4 SOCIAL CONTEXT AND TOURISM ACTIVITY INDICATORS IN LOS CABOS
From the political-administrative point of view, Los Cabos is located at the southern end of 
the state of Baja California Sur. Unlike the rest of the state, its rapid economic growth (sup-
ported by investments in tourism and associated services) has led to a rapid increase in the 
number of inhabitants (between 1980 and 2015 the population increased by 1.405%) [15] 
that represents 40.4% of the state population. This situation has caused heavy lags in urban 
and social infrastructure, as well as marginalization and poverty. In fact, based on the 2015–
2018 Municipal Development Plan [10], in 2015, 28.5% of the population was in poverty, 
40.3% were vulnerable due to social deficiencies, 2.6% were vulnerable to income, 5.6% 
were in extreme poverty and only 28.6% of the population was non-poor and not 
vulnerable.

Because of the aforementioned economic growth, the social inequalities to access to the 
minimum wellbeing generate a conspicuous contrast between the exclusive mega resorts and 
big hotels of the tourist zone associated with the coast and oriented to isolate the tourist, and 
the lack of urban and social infrastructure in poor colonies and irregular settlements. This 
requires the urgent creation of mechanism for distribution of the economic benefits of tour-
ism, thus reducing the inequalities and making the tourist cities of Los Cabos more 
homogenous, equitable, comprehensive and democratic.

In contrast, tourism has also favored job creation. In fact, in 2014 the population employed 
in the tourist activity in Los Cabos (considering the classification of INEGI of jobs in the 
sector of lodging and preparation of food and beverages) represented 30.5% of the economi-
cally active population (EAP) of the entire state of Baja California Sur.

Table 2: Demographic and Demand Indicators (Source: DATATUR, 2015)

Year
Population of 
Los Cabos

EAP of 
Tourism

Foreign 
Tourists

Domestic 
Tourists Total Tourists

1980 19,117 n.d. 39,200 70,300 109,500

1985 29,279 n.d. 105,500 134,800 240,300
1990 43,920 3,348 228,000 77,167 305,167
1995 71,031 5,346 390,355 91,580 481,935
2000 105,469 7,821 577,548 127,824 705,372
2005 164,162 11,435 1,006,963 221,873 1,228,836
2010 238,487 24,320 842,606 382,504 1,225,110
2015 287,671 39,295 1,277,250 425,750 1,703,000
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It is evident that from an economic and commercial point of view, Los Cabos represents a 
successful destination, considering how attractive it is for foreign tourists. However, it is 
necessary to mention that -historically- demand is what marks the increase in the supply of 
rooms and tourist services. As shown in the attached tables, the ratio of foreign and national 
visitors was 3 to 1 in 2015 (in 2005, prior to the crisis in US property markets, this ratio was 
4.5 to 1). This situation has been a common denominator in Los Cabos and one of the factors 
that have led to large investments in hotel infrastructure, commerce and services to meet 
growing demand.

Based on available information, we recognize a series of factors that have been basic in 
tourism development and that have influenced the competitiveness of Los Cabos:

1. The closeness to the market with states of greater purchasing power in the United States, 
such as the western and southwestern states, particularly California.

2. The development of a hotel infrastructure and time share units of high quality and market 
value, as well as a wide range of properties for second residence of foreigners.

3. Natural resources that can be used to produce value.
4. The installation of basic external economies in the competitiveness of the destination, 

such as the airport, telecommunications services, roads, marinas, marketing and promo-
tion programs (expenditure-for the most part is covered by the federal government of 
Mexico).

5. The peso / dollar exchange rate has always been a variable that favors foreign tourists.
6. Unlike other economic sectors, tourism, commerce and the services associated to their 

supply do not require a great work specialization, which makes labor costs relatively low.

5 RESULTS
When comparing the indicators of sustainable tourism for the two evaluation periods, it is 
clear that - with the exception of the area of tourism competitiveness - Los Cabos presents a 
setback in the areas of quality of life, institutional development and urban development. As 
can be observed in Table 4, some indicators went from a range of: “in process of sustainabil-
ity” to “sustainability at risk”. For example, the decline in the indicator for municipal public 

Table 3: Tourist Indicators of Los Cabos, (Source: DATATUR, 2015).

Year
Rooms 
Inventory 

Hotel 
Occupancy 
(%)

 Economic 
Income ($US)

Total 
International

Flights
Total National 
Flights

1980 544 61.90 $20,948.0 907 380

1985 1,219 53.00 $56,204.0 1,373 696
1990 2,531 49.00 $148,885.0 2,957 1762
1995 3,710 61.40 $245,492.0 4,480 998
2000 4,842 59.70 $378,628.0 5,961 1714
2005 7,849 64.10 $779,940.0 9,955 3,548
2010 11,762 62.20 $690,373.0 8,599 4,793
2015 12,465  65.43 n. d. 13,268 5,598
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investment per capita, as well as the high ratio of current expenditure to total expenditure, is 
striking. Even though the municipality’s revenues reflect a good index of own income with 
respect to total revenues (between 2010 and 2015 municipal revenues increased from 
$ 1,041.4 to 1,614.1 million pesos, reflecting a nominal increase of 55%), the largest part is 
intended for current expenditure, transfers and subsidies. In terms of urban development, 
there are lags and deficits in urban infrastructure, with high demand for basic education, 
health and recreation. The precarious housing index rises from 6 to 9.5%, as well as the index 
that values the demand for new housing. There are irregular settlements that accelerate the 
processes of marginalization by lack of infrastructure, which also leads to a deterioration of 
the environment coupled with the fact that the municipality doesn’t have territorial reserves 
for properly planned urban settlements.

The critical variables that endanger the sustainability of the destination are from the envi-
ronmental area, a situation frequently reflected in the coastal cities with tourist vocation in 
Mexico. The indicators express the problems and deficits that exist in the availability of 
drinking water, a factor that - according to the Mexican Institute of Competitiveness (IMCO) 
and IMPLAN - limits the possible growth of tourism in Los Cabos. At the same time, the final 
disposal of solid waste and the management of wastewater also register deficits, since there 
is not enough coverage of these services, but it is no public investments to overcome these 
problems. There is also a decrease in the natural vegetation cover in areas exploited, as an 
economistic and short-term criterion has prevailed over the environment and natural resources.

Table 4: Indicators of sustainable tourism in Los Cabos.

Area Core topics
Year 
2000

Rank-
ing 

Year 
2015 Ranking 

L
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e 
Q
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1.  Housing connected to the potable water 
network / total (%)

79% 82%

2. Wastewater treatment capacity (%) 45% 51%
3.  Educational expenditure / students en-

rolled, basic education (millions $MXN 
per pupil)

$225 $185

4.  Resources for health (doctors per 1000 
population)

1.5% 0.98%

5.  Incidence of property offenses per 1000 
population

20 n.d.

6.  Economically active population / total (%) 29% 47%
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7. Average occupancy factor (%) 59% 64%
8.  Increase in the annual supply of rooms 

(number of rooms)
521 1,110

9.  Average tariff rate in GT and 5 stars 
($US)

165 260

10.  Matrix of supply by category and type of 
operation. Core Indicator: % of supply in 
All Inclusive of 4* or less / total supply (%)

13% 19%

(Continued)
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The results of the area of tourist competitiveness generate economic information related to 
the performance of the tourist activity. The data obtained reflect that in the period between 
2000 and 2015, there was a considerable increase in the hotel, timeshares and properties for 
second residence. The hotel occupancy rate exceeds the national average, being above other 
destinations of the same category, such as Cancun and Puerto Vallarta, registering average 
rates that place Los Cabos as an exclusive international destination and with an important sup-
ply for high-income foreign tourism. The supply focuses on hotels and resorts of Gran Tourism 
and Five Star categories. Therefore, the indicators of tourism competitiveness place this des-
tination at the sustainable level and of great success for the investors and economic agents of 
the area. However, it’s worth mentioning that the pending task is located in the indicators that 
measure or evaluate the areas of environmental sustainability and urban development.

Table 4: (Continued)

Area Core topics
Year 
2000

Rank-
ing 

Year 
2015 Ranking 

In
st

it
ut

io
na

l
D

ev
el

op
m

en
t 11. Own income/ Total (%) 60.3% 58.4%

12.  Municipal public works / total 
 expenditure (% without debt)

11.1% 8.6%

13.  Current expenditure / total expenditure 
(%)

74.0% 75.0%

14. Public Municipal Investment ($ MXN) $739.2 $432

 U
rb
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 D

ev
el

op
m

en
t

15.  Inventory of territorial reserve en urban 
zones / 5 years (%)

2% 0%

16.  Number of houses with earth floor, walls 
and roof of sheet, cardboard and waste 
materials / total of houses (%)

6.2% 9.5%

17. Need for housing / existing housing (%) 16% 19%
18. Surface of green areas (m² per inhabitant) 4.1 2.17
19. Paving coverage / total roads (%) 32% 41%
20.  Composite indicator on the lag of urban 

equipment (%) 
38% 45%

E
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 21.  Availability of drinking water in the San 
José del Cabo aquifer

−5.24% −6.90%

22.  Water consumption per capita (liters/day 
/ inhabitant)

220.7 369.0

23. Water supply per room (liters per day) 1,574 3,423
24.  Generation of solid waste per capita  

(kg. per day)
1.13 5.2

25.  Generation of solid waste in tourism by 
hotel room

14.5 21.4

26.  Natural vegetation covers in useable areas 
(%)

60% 50%

 Sustainable level  In process of sustainability  Sustainability at risk
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CONCLUSIONS
The analysis based on the indicators of tourist sustainability in Los Cabos, confirms that, the 
destination has experienced a great dynamism and growth in tourism. The increase in the 
supply of rooms, timeshare units and second homes residence, reflect the boom that this tour-
ism center experienced in the international market. This entails constant raise of demand and 
investments that place Los Cabos as a competitive tourist destination with significant multi-
plier effect on sectors directly related to this economic activity (e.g. trade, services, transport 
and construction). However, despite the economic strength of tourism today, this sector has 
not been able to integrate into the local economic development of the area. It is recommend-
able for local authority to design development programs and to foster a greater linkage of 
local productive systems with tourism, considering that this sector is the predominant eco-
nomic activity in the coastal cities of Los Cabos.

The accelerated urban growth, because of the impetus given by the federal government to 
Los Cabos since its creation as an integrally planned center in 1976, has created a series of 
problems related to environmental sustainability, urban development and social segregation. 
The indicators that evaluate these areas do not present the general signs of a positive evolu-
tion. In the reference years 2000 and 2015, most of the indicators of urban and environmental 
sustainability are in the range of parameter of sustainability at risk (a difference of the posi-
tive results presented by the item related to tourism competitiveness). The disorderly growth 
in the urban areas of San José del Cabo and San Lucas, resulting from the boom in tourism 
and real estate, has had a strong impact on the reduction of the water resources needed by 
tourist cities (for tourism infrastructure, public services, urban infrastructure and economic 
growth). The results show that between 2000 and 2015, these variables represent a challenge 
and jeopardize the competitiveness of the destination in the long term.

The analysis and the results presented here, can be used by local authorities to generate 
proposals for public policies, tending to reduce (or at least attenuate) the problems of urban 
development and environment, recognizing that tourism as an important economic sector, but 
it’s development is based on the natural resources.

Forty years have passed since the creation of the CIP in Los Cabos, economic growth is 
evident, from a relatively isolated area, with small towns focused on self-consumption the 
area evolved to cities with a dynamic economy, recognized as international tourism centers. 
However, critical variables such as urban development and environmental sustainability 
(which were not included in the CIP Master Plan in 1976) threaten the development of this 
already consolidated destiny. According to the theory, these must be reconsidered. How long 
will the supportive capacity of the destiny withstand the pressure to the critical variables? 
What kind of actions, works and services are required for the rethinking of the model applied 
in Los Cabos? These questions are open and all local stakeholders have to be part in finding 
the right answer.
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ABSTRACT
Increasingly dynamic, non-linear and all too often chaotic changes in the global environment and tougher 
competition, including at the geopolitical level, call for radical transformations in strategic manage-
ment of the power industry. The article provides the results of a study into proactive actions of energy 
company management, which are becoming increasingly important. The article offers a framework of 
concepts relating to proactive management and sums up ideas of a number of authors on diagnostics of 
weak signals as possible harbingers of threats to sustainable power industry development. The authors 
have determined a general approach to mechanisms of threat identification and developed methodologi-
cal principles of shaping a corporate management model capable of reacting to new challenges. The 
article provides a thorough study of some components of the model and an assessment of factors that 
ensure successful implementation of the authors’ conceptual solutions in energy companies.
Keywords: advanced warning, challenges, proactive management, the power industry, threats, weak 
signals.

1 INTRODUCTION
Global challenges and threats of accelerating changes in the environment, environmental 
uncertainty and aggressiveness, a growing number of new tasks which cannot be solved 
based on experience, call for management’s proactive actions in the power industry and are 
shaping a new model of management of energy companies’ development. This model brings 
in the spotlight the issue of developing a corporate system of early diagnostics of threats and 
opportunities.

The concept of proactive management [1–3] is a methodological framework for solving this 
problem; moreover, it ensures sustainable development and increases business’ strategic flex-
ibility. At the same time, theoretical aspects of proactive management, including the framework 
of concepts, basic models and tools, are still under development.

2 FRAMEWORK OF CONCEPTS FOR PROACTIVE MANAGEMENT  
IN THE POWER INDUSTRY

Proactive management in the power industry is a set of technical, organizational, resource 
and economic measures implemented at all levels of management and aimed at advanced 
prevention of the negative impact of internal and external factors (including environmental 
turbulence and resources restrictions), which threaten stability, integrity, economic efficiency 
of the industry, energy companies’ competitiveness and power supply reliability.

We suggest defining the main terms and correlations between concepts in the proactive 
management theory.

Trend (synonym: tendency) is a direction actively developing for a certain period of time 
which can significantly affect relevant fields of work.

Challenges are new conditions and factors of environment that require adequate manage-
rial decisions at all levels of management. They can either offer new sources of development 
and growth for the industry’s efficiency or transform into relevant threats.
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Figure 1: Correlations between “challenges - threats - consequences” for the power industry.

Challenges tend to arise from time to time as a result of rather powerful financial and eco-
nomic, scientific and technical factors as well as factors relating to resources, energy and even 
nature and climate (“shifts”). For example, an increase in the share of renewable energy sources 
in the structure of generating capacities in a number of countries; creation of renewable energy 
storage systems; development of small-scale (distributed) power generation; smart grid sys-
tems; nuclear power units of small and medium capacity with intrinsically safe reactors.

The growing number of challenges and their critical role in the development of the electric 
power industry have resulted in a relevant intellectual reaction: the role of proactive manage-
ment as a response to these challenges has grown.

Threats are a possibility of an event with consequences that are unfavourable for a particu-
lar energy company; it is a probabilistic characteristic.

Correlations between challenges and threats are outlined in Fig. 1.
A threat alert is information about the nature (kind) of the threat and its source obtained 

with the help of continuous monitoring of some sectors of the external micro-environment.
Threat identification is an important element of the proactive management process which 

includes expert (probabilistic) assessments:
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•	 The likelihood of the threat implementation (as the probability of a relevant event taking 
place).

•	 The maximum surge in parameters of the sector of the external micro-environment.

•	 The time frame of the surge in parameters (which determine the event duration and its 
impact on the existing trend).

An event (in this context) is a sharp (“out-of-trend”) change (“a surge”) of parameters 
mediating energy company’s ties with subjects of the external micro-environment, which 
can cause deterioration of key financial and economic characteristics of this particular 
energy company.

•	 Key Performance Indicators (KPI) are indicators that characterize the efficiency of the 
energy company’s activities in the financial sphere and fields relating to customers, busi-
ness processes, human resources and innovations.

Limit (or threshold) of key indicators criticality is the maximum level of deterioration of 
specific indicators set for a particular energy company, below which there begins a zone of 
event unacceptability from the point of investment appeal and competitiveness, that calls for 
urgent organizational-technical or economic decisions to eliminate the threat.

Depending on the completeness of information obtained as a result of observations, signals 
are divided into two categories: strong and weak. Problems revealed by strong signals are so 
obvious and specific that one can assess their significance and take relevant measures in order 
to eliminate threats or seize opportunities.

Weak signals are early and vague signs of emerging important events which are difficult to 
grasp and assess in the course of monitoring. They give a feeling about an emerging problem 
(threat, opportunity) but cannot be used to confidently forecast where and when they will 
emerge and what exactly they will be like.

In the course of time weak signals can turn into strong ones and, if the level of instability 
does not exceed the company’s ability to timely react to changes, managers can postpone 
making the decision until they get a strong signal. If the instability of the environment is high, 
managers who choose to wait for a strong signal may end up being late to solve the problem 
or being incapable of making the decision under the conditions of time pressure and lack of 
resources. That is why, if the level of instability is high, it is essential to begin working on a 
decision once one gets weak signals.

Adequate management based on weak signals requires a well-adjusted monitoring system 
sensitive to warning signals and readiness of energy company managers and personnel for 
changes and making risky decisions.

3 WEAK SIGNALS AS OBJECT OF ANALYSIS OF ENERGY  
COMPANIES’ POSSIBLE PROBLEMS

I. Ansoff [4–8] introduced the idea of weak signals and their use for early identification of 
threats and opportunities in strategic management. P. Schoemaker and G. Day [9–16] devel-
oped the concept and detailed a general scheme of weak signal monitoring, their interpretation 
and integration in the management process. Schoemaker P. and Day G. summarized their 
outlook in the article [10] published in the Harvard Business Review in November 2005 and 
then presented it as a more extended version in the book [11]. The book substantiates the need 
to broaden organizational outlook and proposes a structured approach to management which 
makes it possible to track weak signals coming from the periphery (areas outside the strategic 
focus).
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In the articles written after the book was published the authors elaborate the idea of periph-
eral vision. The article “Seeing Sooner: How to Scan for Weak Signals from the Periphery” 
[12] focuses on conditions for successful tracking of weak signals and details areas and rel-
evant methods of scanning. The article “How to Make Sense of Weak Signals” [13] looks at 
individual and organizational prejudices that impede timely and correct assessment of weak 
signals and reaction to them. It also offers solutions to this problem and rules which allow for 
arranging the process of scanning and processing of weak signals in the best possible way.

The last article published on the issue, “Integrating Organizational Networks, Weak Sig-
nals, Strategic Radars and Scenario Planning” [16] expands the area under study further. It 
links weak signal processing to scenario planning and proposed a scanning process from a 
variety of sources. It looks at various kinds of external networks and assesses their impor-
tance for broadening organizations’ outlook and developing periphery vision. In the article 
the authors suggest a tool of strategic management called “Strategic Radar”. The tool is based 
on developed external networks and scenario planning technologies and consists of three 
major functional subsystems: 1) the monitoring of external signals; 2) the assessment of stra-
tegic actions in the changing external environment; 3) the scanning for additional weak 
signals. The interrelation between the subsystems makes it possible to form and maintain 
strategic flexibility.

In the 1990s the issue of weak signals was developed in the context of studies of complex 
adaptive systems (CAS). This direction is most extensively covered in the works of B.S. 
Coffman [17] who proposed a process model for weak signals.

Yet another direction of in the study of weak signals is being actively developed by futur-
ologists in the context of studies of the future, and sociologists for the purposes of 
organizational training. This direction is based on the publications by Ansoff as well as the 
works of G.T.T. Molitor [18–20] who studied “emerging issues”. When studying changes, 
Molitor paid special attention to the phase preceding changes and, consequently, weak sig-
nals detected at the beginning of this phase. He pointed out that the changes that seem sudden 
are in fact an expected result of lengthy processes and by scanning emerging problems one 
can timely reveal upcoming drastic changes.

At present this direction is being actively developed by various groups of researchers. An 
article by Jari Kaivo-Oja [21] suggests a model that combines knowledge management tech-
nologies and weak signal analysis that can be used when developing new future studies and 
foresight methodologies. In the article [22] the authors look at weak signals in the context of 
the foresight theory and practice and show how weak signals analysis in addition to trends 
monitoring enables an organization to effectively develop and implement its strategy. The 
article [23] looks at conceptual frameworks and applications, problems and methods of weak 
signal analysis in early threat detection systems. The article [24] studies the influence of 
interactions existing in the external environment, stereotypes and the context in which signal 
interpretation is carried out on weak signals. The article [25] deals with analysis of distrib-
uted, heterogeneous, open and continuous data which can be used for early detection of 
problems. In the paper [26] the authors suggest a tool for weak signal filtration in the strategic 
process the application of which contributes to pro-active decision-making. The article [27] 
looks at the use of improvisation in strategic studies. By combining improvisation with plan-
ning and implementation an organization gets paradoxical forms of “real time foresight” 
which enables it to timely detect and use emerging opportunities.

Additionally, one can cite a number of articles published by E. Hiltunen [28–32]. The arti-
cle [28] offers a thorough study of the Wild Card concept (seemingly unlikely but suddenly 
occurring events with rather serious consequences). The article shows that in many cases 
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closer examination reveals that the events classified as Wild Cards are in fact links in the 
chain of gradual changes and weak signals enable one to see the signs of Wild Cards hidden 
in these changes. The article [29] discusses the use of weak signals in futures studies: it offers 
the term “Future Signs” and a conceptual model based on it. The article [30] provides a thor-
ough study and assessment of various data sources and offers the most suitable data sources 
for weak signal scanning. The article [31] proposes a new method (the Futures Window) for 
visualization of weak signals and choosing a direction for futures thinking and innovation in 
organizations. The Futures Window could be used as a central component in Creative Fore-
sight Spaces (CFS) to enhance innovation in organizations.

Hiltunen used these and a number of other studies for her PhD thesis called “Weak signals 
in organizational futures learning” [32] in which Hiltunen places primary emphasis on an 
approach that combines views developed in studies on organizational training with weak 
signals concept. The issue of weak signals, their significance and processing methods are 
covered in the works by other Finnish researchers: Tuomo Kuosa [33] and Kimmo Laakso 
[34]. Mika Korhonen (2014) in his work entitled “Tacit knowledge and weak signals in 
organizational learning” [35] and Pia Adibe (2015) in “Competence foresight” [36] also 
developed the concept of weak signals.

Yet another direction of research in weak signal scanning and interpreting, which is rele-
vant for energy management, is linked to risk reduction and prevention of accidents and 
catastrophes [34, 37].

The issues of inadvertent changes in the environment and system stability to such changes 
are closely connected with weak signals. Despite some differences as to the terms (wild 
cards), researchers study similar processes and phenomena. For example, the authors in the 
article [38] suggest an analytical approach to management of surprising and potentially dam-
aging events which is based on up-to-date conceptual and empirical studies. For that purpose 
the authors use the wild card management system. Wild cards refer to sudden and unique 
incidents that can become turning points in the evolution of a certain trend or system. As the 
first of the two components of the proposed wild card management system, the authors use a 
weak signal methodology to get warning about possible surprising events in the course of 
environment scanning. The second component is nurturing improvisation capabilities for 
activities amid an ongoing crisis.

Among publications relating to weak signal scanning and interpretation the work of Korean 
researchers [39] also claims attention. The researchers introduce the NEST (New & Emerg-
ing Signals of Trends) model which provides for systematic collection and assessment of 
weak signals of emerging technologies by scanning expert network worldwide.

4 CORPORATE SYSTEM OF ADVANCED THREAT WARNING  
AND DETECTION OF NEW OPPORTUNITIES

In Fig. 2 proactive management in energy companies is presented in the form of a process 
consisting of a number of consequent experts and analytical operations.

To illustrate the application of the proactive management method we suggest looking at a 
grid (distribution) company.

Sector: energy monopolies’ regulation.
Monitoring: regulator’s pricing policy.
Threat alert: expected restriction of electricity transmission prices.
Threat identification: likelihood of the regulator making the decision, %; relative reduction 

of price (in comparison with the current regulation method), %; time before the introduction 
of the price cap, months or years; duration of restriction (assessment), years.
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Assessment of consequences and their criticality for the energy company: proactive solu-
tions are required.

Proactive solutions (variants): organizational and technical measures aimed at reducing 
fixed costs; organizational and technical measures aimed at reducing technical and commer-
cial losses in the grid; adjustment of customers’ load in order to increase transmission 
capability in the existing grid; interaction with customers as regards reactive power compen-
sation; creation of small-scale power generating units (a comprehensive feasibility study is 
necessary).

Using the outlined plan an energy company has an opportunity to timely and adequately 
react to emerging threats. However, monitoring usually applies to the area of the energy com-
pany’s strategic focus and weak signals emerging in the periphery may be missed. New 
technologies emerging far beyond the visual range of the company’s clients may have a deci-
sive influence on their business. Consequently, their demand for electricity may drastically 

Figure 2: Structure of proactive management in energy companies.
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drop or grow. For example, a mass switch over from incandescent lamps to LED lamps will 
result in a significant decrease in demand for electricity used for lighting. Such changes occur 
everywhere but only some of them are spotted by monitoring.

Figure 3:  Proactive management model with weak signals taken into account in energy 
company.
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It is even more dangerous not to take into account weak signals which are the harbingers 
of catastrophes or serious accidents. As a rule, such signals are most perceptible in the places 
of potential emergencies. But as people manage to prevent most of the accidents at a local 
level the information about a potential threat does not reach the upper level. However, when 
the situation gets out of hand the consequences can be disastrous. It is impossible to develop 
an exhaustive instruction for processing such signals, but advanced training, gaining experi-
ence, practicing interaction during drills and simulated events, active information exchange 
inside the energy company enables managers to reduce risks and teach employees to detect 
dangerous signals and act efficiently in order to prevent accidents.

Proactive management model with weak signals is presented in Fig. 3.
The testing of this model with energy companies’ staff showed that the blocks Periphery 

Scanning and Interpreting the Meaning of Obtained Weak Signals turned out to be the most 
difficult ones. Moreover, 76 percent of specialists and managers participating in the project 
considered the demand for periphery scanning to be low and thought that the identification of 
threats detected by specialists and managers in their fields of work would be enough.

Yet another hindrance in the way of weak signals is limited exchange of information 
between the energy company’s departments. Moreover, neither specialists nor managers feel 
the need to intensify internal information exchange and to create a single information space. 
Only 12 percent of managers and 9 percent of specialists support the enhancement of infor-
mation exchange. At the same time, both managers and specialists are in favor of closer 
interaction in the functional hierarchy.

Finally, the most serious problem in the processing of weak signals is the problem of inter-
pretation of the information contained in the signal or the second filter in Ansoff’s 
classification [6]. Researchers have repeatedly pointed at the conservatism of mental models 
and difficulties connected with attempts to change them, which is essential for understanding 
the importance of weak signals for companies [13, 21, 26, 38]. As for the power sector, the 
specific character of the industry determined by heavy regulation of processes and reliability 
being a priority add to psychological difficulties.

Under the circumstances, it is reasonable to form a cross-functional team in an energy 
company to focus on futures planning and scanning for weak signals from the periphery. This 
group should be headed by a top manager and its members should be broad-minded and sen-
sitive to novelties and have good communication skills. Their tasks should include intense 
communication with employees of different departments, active scanning of the periphery, 
detection of weak signals and assessment of their possible impact, arranging a broad exchange 
of information and monitoring of potential threats and opportunities.

5 CONCLUSION
The conducted research shows that the development of the theory and methodology of proac-
tive management in the power industry, which is characterized by longer response time, high 
capital intensity and risks of catastrophic man-made and environmental consequences, is 
extremely important.

For advanced prevention of threats in big energy companies, it is necessary to introduce a 
new system that can foresee scientific, technical and organizational innovations with certain 
probabilistic characteristics and promptly adjust energy companies’ strategies. This problem 
can be solved only through specialized research focused on forecasting the technological 
development of the power industry, forming a vision of the future and new competences. It is 
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obvious that it will require a stronger partnership of the power industry with leading universi-
ties and research centers.

The authors propose the following issues for further studies: principles of planning the 
future of the power industry and management systems based on weak signals; methodology 
of foresight in the power industry; methodology of study of complex energy systems and risk 
assessment amid uncertainty; management of the corporate environment generating new 
knowledge and innovations.
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ABSTRACT
To tackle sustainability issues, food value chain actors have to study the nature and objectives of the 
sustainable performance they want to achieve, both individually and also for the value chain as a whole. 
But they have different interests, goals and strategies. Consequently, if they want to cooperate on a 
shared device because this represents a possible solution to improve the value chain sustainability, they 
need to find a way to meet a minimum level of each actor expectations. This case study is about pos-
sibilities for actors of a pork value chain representative of one type of French production to cooperate 
in sharing sustainability improvement solutions. The sustainable impacts of the value chain compris-
ing a shared methanation plant with externalization of 3% of heat and 1% of electricity produced 
are described and analyzed. The multicriteria evaluation of the value chain is based on a life cycle 
analysis model with associated environmental and social indicators. The behavior of the methanation 
plant is simulated using Methasim tool and the input/output flows of the software are bridged to the 
LCA model. A focus is made on comparing the sustainable performance of two scenarios (standard 
i.e. without methanation plant and with shared methanation plant) and on confronting results with 
respective expectations of various players of the value chain in terms of sustainable performance. Is 
sharing a methanation plant a good solution for the economic actors of the value chain? How to create 
cooperation between the actors of a value chain in order to increase sustainability of their products and 
practices? The results and analysis will focus on each actor’s contribution to the sustainable footprint 
and values destroyed or created. New intermediate solutions can be then proposed. The discussion is 
about methodological ways to facilitate the cooperation and the data flows to be exchanged between 
value chain actors.
Keywords: actors, assessment, cooperation, food, indicators, sustainability, value chain. 

1 INTRODUCTION
In the food value chains, it is the transformer’s or the distributor’s practice which casts a 
decision-making power over all actors [1–2]. The growing demand for organic, local, ‘free’ 
(antibiotics, GMO, etc.) products indicates the willingness of consumers and producers to 
favor alternative systems development. If labels and designations adapted to these offers are 
now a way to reduce the complexity of the consumer’s decision, they propose a limited 
response for the actors of food value chains. Indeed, they constitute some specifications aimed 
at obtaining very specific characteristics (fed with grain, source of omega-3, rich in fiber, low 
in fat, etc.) and for which the global sustainability is not guaranteed. Indeed, the sustainability 
issues are multiple and the solutions adopted to meet them not only can generate other 
impacts, but also move some impacts from one phase to another of the life cycle. Therefore, 
if the implementation of labels or claims may be the starting point for the coordination of 
value chain actors, it cannot be sufficient to go beyond simple specifications. Moreover, the 
notion of a label potentially carries the same power exercised by one actor on the others as 
what was identified in the dominant food systems. It is precisely to meet the objective of 
offering a multicriteria framework and limiting the risks of transfer of impacts that Life Cycle 
Analysis has been developed [3–4]. In this paper, two assumptions are made: first modeling a 
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value chain and its environmental, economic and social assessment offers a systemic frame-
work that is superior to what labels offer. Indeed, it is more valuable to the value chain actors 
even if the complexity of its reading makes it inaccessible to the end users/consumers. The 
second hypothesis exposes that this kind of model offers a common basis to the value chain 
actors to consider a wider reality than what their usual paradigm offers and from which new 
cognitive knowledge will be built. For these actors to be in a position to design together 
improved value chain sustainability, they need to co-design their solutions. In this perspective, 
the associated design and decision-making activities are considered from a socio-cognitive 
point of view. The construction of a solution is then not only objectified for the creation of a 
response to technical needs but also as a process of negotiation between different parties [5]. 
In his works, Bucciarelli [6] defined these parties as the different disciplines that intervene in 
a design process. As part of this article, it is the pluralism of the various actors in the value 
chain that give rise to a space for negotiation. The representations offered by the value chain 
modeling and the assessment of its sustainability performance are then supported to create a 
common space for actors in the creation and coordination of knowledge, beliefs and mutual 
hypotheses. These two hypotheses are discussed here in the framework of an experiment that 
we conducted on the modeling of a French pork value chain. Its stakeholders seek to identify 
solutions to improve its sustainability performance. One of the solutions resulting from one 
of their brainstorming was the pooling of a methanation plant from a circular economy per-
spective within this value chain. Chapter 2 presents a synthesis of the physico-chemical 
phenomena involved in methanation and the socio-technical development of this technology 
in France. Chapter 3 illustrates the model created and the alternative scenarios considered 
with the integration of a methanation plant. In this chapter, we also provide the indicators used 
to perform the performance evaluation. Chapter 4 is the synthetic presentation of the results 
compared with and without methanation plant in the value chain. Chapter 5 allows us to dis-
cuss the contribution of these results to the two hypotheses. The conclusion synthesizes the 
contribution of this work to the validation of our hypotheses and defines the future research 
needs to complement the contribution presented in this article.

2 PHYSICO-CHEMICAL PHENOMENON RELATED TO BIOGAS PRODUCTION 
AND SOCIO-TECHNICAL DEVELOPMENT IN FRANCE

Methanation is a technique for the production of energy and heat by the valorization of bio-
mass [7–8]. The organic bacteria present in the material allow the fermentation of this 
biomass and the production of biogas [9]. The biogas produced is a gas saturated with water 
and made of 50 to 70% methane, 20 to 50% carbon dioxide and a few trace compounds 
(NH3, N2, H2S) [10]. This biogas can then be recovered in the form of biomethane fuel, for 
the production of electricity and heat by cogeneration, in heat production alone using a boiler, 
or injected into the natural gas network after purification. During hydrolysis and acidogene-
sis, the complex organic matter (proteins, lipids and sugars) is first degraded to the simpler 
molecules (amino acids, fatty acids, glucose, nitrogenous bases) by the cellular enzymes 
present in the material. This step is sometimes limiting in the case of compounds that are dif-
ficult to hydrolyse, such as cellulose, starch or fats. These simple substrates are used at the 
time of acidogenesis by the so-called acidogenic microbial species which produce alcohols 
and organic acids, as well as hydrogen and carbon dioxide. Then, the methanogenesis step is 
carried out by microorganisms which operate under strictly anaerobic conditions [11]. They 
belong to the reign of the archaea and some fifty strict methanogenic species are described, 
all anaerobic. The production of methane is carried out by two possible routes: one from 
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hydrogen and carbon dioxide by the hydrogenophilic species and the other from the acetate 
by the acetoclastic species.

2.1 Performance of methanation plants: factors of variability related to technologies and 
practices deployed

Organic fermentable inputs derived from biomass can be classified according to their methanogenic 
power: waste from the food industry, livestock effluents such as manure, straw, slaughter-
house water loaded with organic matter or sludge from sewage treatment plants, fermentable 
fraction of household refuse, etc [12]. If the slurry has a low methanogenic power, it is a 
substrate rich in bacteria that promotes methanation [13–15]. To ensure a satisfactory yield, 
it is necessary to add a mix of products with high methanogenic power, such as vegetables, 
the fat collected as scrap from the food industry [16–17]. Agricultural installations reuse 
among other things, their waste, and are based on territorial pooling models between several 
farms. Other inputs are added in order to obtain the best possible return in terms of electricity 
and heat. The nature of these inputs, which are solid or in the form of sludge, determines the 
dry or wet orientation of the methanation [18–19]. The technologies used differ according to 
the type of methanation (one or two stages, continuous or discontinuous, dry or liquid). The 
liquid or solid residue obtained from the fermentation can be upgraded as an organic fertilizer 
in substitution or in addition to conventional chemical fertilizers or in direct spreading when 
the spreading plan allows it (soil composition, geographical location and capacity of the soil). 
Beforehand, a standardization and homologation stage is necessary. If, however, the digestate 
cannot be recovered, it is destroyed: buried or incinerated. Cogeneration is the production of 
heat and electricity from biogas through a module consisting of a motor that drives an alternator 
[20–21]. Electrical efficiency can rise by up to 5%, and heat output allows an overall 
efficiency of 85%.

2.2 Economic organization of a methanation process

The main interest of cogeneration is the resale of electricity to the grid, which has to acquire 
electricity at a regulated price. It can be sold to supply households, businesses or local authori-
ties, or it can be consumed whole or in part by production sites linked to methanation. Heat is 
recovered by heat exchangers and can be carried by hot water pipes to industries, public 
buildings, hospitals, collective dwellings or offices. It can also be directly used on the spot for 
feeding pig farms for example. As a result, cogeneration facilities are often located near areas 
where there is a need for heat energy to avoid the loss of transport energy. By reducing the 
use of fossil fuels, heat recovery leads to a reduction in pollutant emissions such as Sulphur 
dioxide and greenhouse gases. Finally, unlike other renewable energies that are sensitive to 
climatic variations, the cogeneration energy capacity is stable over time and space, and is 
subject to the stability of inputs. Fuels are easily stored and potentially available: waste from 
bio-industries, livestock effluents. It is therefore reasonable to assume that this is a reliable 
response to part of the electrical demand. As for heat, which is more difficult to transport, its 
use requires a physical approximation of the user activity in order to make the installation 
cost-effective. On the other hand, and even if rates act as incentives, the relative economic 
profitability of cogeneration systems depends heavily on the prices of fuels and competing 
energies. Under good conditions, cogeneration makes it possible to recover 35% of the pri-
mary energy from biogas in the form of electricity and up to 85% in total, taking into account 
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the heat produced by the system. In France, the cost of the investment was estimated at 
around € 5700 per electric kilowatt for an average power of 250 kW. The Légifrance rate 
order of 14 December 2016 provides for the purchase of electricity for installations with a 
maximum electrical power of 80 kW or less, at a price of 175 € / Mwh; For those with an 
electrical power between 80 kW and 500 kW, at a price of 155 € / Mwh. Beyond that, an 
invitation to tender is required. The buyback contracts are established over 20 years now and 
no longer 15. There is no longer any obligation to recover the heat.

3 PRESENTATION OF THE STUDIED SYSTEM

3.1 Perimeters of the compared models

The value chain considered as a reference model describes an existing sector in which the 
actors involved are working to improve the sustainable characteristics of their activities and 
products by working on animal feed (content and proximity of supply), non-use of GMO 
foods, animal and human health, reduction of antibiotics and stress, increase in the cost of 
purchasing pigs from the farmer to take into account the efforts made and sharing the eco-
nomic value created. The territorial scale considered is that of the western region of France 
which comprises of five administrative regions. Figure 1 shows the activities considered in 
our model for both scenarios: without (Scenario 1) and with methanation plant (Scenario 2). 
The addition of the methanation plant is represented in the Fig. 1 by the boxes colored pink. 
For the study, the hypothesis was made that in a sense of circular economy, the electricity and 
heat produced by the methanation plant are reinjected at the stages of the farm and the slaugh-
terhouse; first because of their need for heat, and second because these two installations are 
supposed to be close to the methanation plant for the exchange of heat. However, the modeled 
methanation plant produces more electricity and more heat than necessary. Also, in the sce-
nario 2, these flows in excess are sold at prevailing rates and used outside of our system. 

Figure 1: Perimeters of systems modeled with and without methanation plant.
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The environmental advantages of these flows production is valued as follows: in the scenario 
2, the impacts associated with the production of electricity and heat (by an average source 
representative of the French (mostly nuclear) energy mix) were modeled then subtracted 
from the impacts associated with the methanation plant scenario in order to take into account 
the impact avoided by the production of our facility.

The functional unit that sizes our model is the quantity of pig meat required for the production 
of 13,500 tray units of 6 chipolatas which involves breeding 600 pigs. The share of the activities 
and impacts related to the pig meat used in these chipolatas is dimensioned by the proportion 
of meat used per pig for their production.

3.2 Modeling tools used

Two modeling tools were used to conduct this study. The first one is life cycle analysis software 
(Simapro 8.0.5.), which allowed to evaluate and compare the environmental performance of 
the two scenarios. In this study, the inventory phase was carried out with real stakeholders of 
the French pork industry. For example, zootechnical or economic information have been collected 
on the ground. In order to complete this collection, the database present directly within the 
software databases such as EcoInvent 3 (the Swiss database) or Agri-footprint (Dutch database) 
were used. Finally, scientific articles and technical documentation were consulted to complete 
the dataset. The impact calculation phase, carried out using the Recipe 1.12 Midpoint method, 
widely used in the living world, made it possible to calculate specific sustainability indicators. 
In addition, the Methasim [22] software made it possible to size the methanation plant and its 
efficiency. The latter is a decision-making tool for pre-diagnosis of anaerobic digestion: it is 
possible to calculate the technical and economic interest of anaerobic digestion according to 
the choice of inputs, methanation process, purchase cost of electricity, etc. Particular attention 
has been paid to the nature of valuation methods of thermal energy to target the improvement 
provided in the tariff policy. For the purposes of this article, a minimum of data has been 
imposed on the tool so as to allow the latter to suggest the solutions most suited to the system 
studied. The characteristics chosen for the methanation plant considered in this study are:  
continuous liquid, the destination of the biogas: dual-fuel engine, the power of the co-generator 
(546 kW elec), the volume of the main digester (1807 m3). Figure 4 presents a synthesis of the 
project carried out thanks to the support of Methasim. These data are then used to calculate 
some of the indicators suggested by this study in the following sections.

3.3 Repository used to assess the sustainability of scenarios

The framework used in this study was developed by the authors in the context of work carried 
out prior to this study. Presentations of these papers have been made: [23]. The authors do not 
have the space required to go into details on the methodology implemented and therefore 
propose to consider these evaluation criteria simply as a reference allowing the comparison 
of the two scenarios.

3.4 Data used in the model

Breeding, slaughtering and cutting phase (common to Sc1 et 2)
In this study, the inventory phase was carried out with stakeholders in the French pork industry. 
In addition, the database hosted by the Simapro 8.0.5 software. EcoInvent 3 (Swiss database) 
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and Agri-footprint (Dutch database) were used. Finally, scientific articles and technical docu-
mentation were consulted to complete this dataset. The impact calculation phase, carried out 
using the Recipe 1.12 Midpoint method, widely used in the living world, made it possible to 
calculate specific sustainability indicators.

Sizing of incoming methanation plant streams (Sc2)
The size of the methanation plant is defined by the nature and quantities of inputs available 
for its operation.

1. Determination of supply volumes from distribution
 A model was constructed to establish the wastes in stores on the territory in question. In 

our model, we retained the losses due to the partner distributor brand of our value chain 
(in proportion to the area of its stores in relation to the total sales area on the territory). 
From the INSEE (http://www.bdm.insee.fr/bdm2/index) and FranceAgrimer (https://
www.rnm.franceagrimer.fr/prix?SAINOMPRODUIT; https://observatoire-prixmarges.
franceagrimer.fr/resultats/Pages/ResultatsFilieres.aspx?idfiliere=6) databases, the volumes 
of French consumption and waste [24], by product categories, were defined and reported 
proportionally to the territory concerned and to the types of Shops located in this area [25].

2. Complementary inputs of the methanation plant

•	 The manure of a swine operation of 200 pigs.

•	 The frying oil returned to the store by consumers after use (http://www.oliobox.be/
en/solution).

•	 The fatty waters of a specialized porcine slaughterhouse processing 3,400 head a 
week.

4 RESULTS
Table 1 shows the values of indicators for each scenario. The Methane column expresses the 
gross impacts of our system for the scenario 2 while the Methane column with defalcation 
expresses the same impacts but alleviates the avoided impacts. It is therefore logical to find 
negative values.

Contributions of each actor of the value chain to the environmental performance are high-
lighted in the Tables 2 (scenario 1) and 3 (scenario2). The indicators, called Env1 to Env10, 
refer to those in Table 1.

As for Table 3, Table 4 shows the contributions per actor, but for the methanation plant 
scenario this time. A large number of values are common, except for electricity and heat 
indicators that have been replaced at farm level and the slaughterhouse by the production of 
the methanation plant modeled.

Finally, Tables 5 and 6 show the values of the two scenarios, control and methanation 
plant, but this time as a percentage of the total value of each indicator. Values may be common 
except for the flow of electricity and heat for the farm and the slaughterhouse, all the contribution 
rates change and this for all the actors.

The indicators in Table 1 show a very large disparity, particularly for environmental 
indicators, between the control scenario and the methanation scenarios. Impact reduction 
is important only when excess energy and heat are resold and used outside the perimeter. 
Some impacts are negative for the methanation with defalcation scenario; they correspond 
to a compensation of impacts related to energy and heat production by the methanation 
plant for the slaughterhouse and pig exploitation needs, plus the avoidance of impacts 
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Table 1: Numerical results of each scenario by indicator.

Indicator Unity Control Methane

Methane 
with 
deduction

Soc1. Carcass pH # 5,4 5,4 5,4

Soc2. Transport duration h 8 8 8
Soc3. Foodmiles / localness (local 
cultures)

% 91,0 91,0 91,0

Soc4. Breeder’s welfare (survey) Score 1 to 5 2 2 2
Soc5. Employees’ welfare (survey) Score 1 to 5 2 2 2
Soc6. Biodiversity (number component 
/formula)

# 5,3 5,3 5,3

Soc7. Sensory evaluation score Score 1 to 10 6,02 6,02 6,02
Soc8. Omega 6 / Omega 3 ratio % 10,7 10,7 10,7
Soc. 9. OGM ratio % 7,5 7,5 7,5
Soc10. Water losses after cooking 
(Technol quality)

% 15,45 15,45 15,45

Eco1. Additional income paid to breeder € 0 0 0
Eco2. Production valorisation (losses) % 5,9 5,9 5,9
Eco3. Muscles rate (economical quality) % 60,9 60,9 60,9
Eco4. Waste (losses) % 5,9 5,9 5,9
Eco5. Number of hires # 0 0 0
Eco6. Additional work hours (-) h 0 0,5 0,5
Eco7. Variation of labor cost € 0 0 0
Eco8. Short-term investment €/t 0 0 0
Eco9. Long-term investment €/t 0 20 20
Eco10. Variation of manuf. cost per 
product

€ 0 43,5 43,5

Env.1. Climate change kg CO2 eq 132 
162

128 418 -1 558 775

Env2. Terrestrial acidification kg SO2 eq 5 034 5 023 943
Env. 3 Freshwater eutrophication kg P eq 53 53 47
Env4. Human toxicity kg 1,4-DB eq 225 

389
220 041 -1 825 380

Env5. Freshwater ecotoxicity kg 1,4-DB eq 766 762 -934
Env6. Marine ecotoxicity kg 1,4-DB eq 102 

937
101 246 -530 181

Env7. Agricultural land occupation m2a 325 
076

325 076 325 076

Env8. Urban land occupation m2a 192 192 192
Env9. Water depletion m3 2 582 3 170 -4 220
Env10. Fossil depletion kg oil eq 20 134 18 905 -512 980
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related to the production of surplus heat and energy. This energy produced comes out of 
our system; it is resold and used outside our system that is not produced by an average 
French mix. In consequence, the difference is expected to be much less striking between 
the control and the simple methanation scenario than between the control and the metha-
nation with defalcation scenario. Some indicators remain unchanged. This is the case, for 
example, with the occupation of urban land. The size of the various installations in the 
value chain does not vary between the control and methanation plant scenarios because 
the methanation plant is installed on existing farms and does not necessarily require an 
expansion of agricultural areas or new urban areas. A very large part of the social and 
economic indicators remain the same between the different scenarios. For example, the 

Table 3: Contribution results (absolute values) by actor, by indicator, methanation plant 
scenario.

Methanation 
plant 
scenario Sum Distribution Transformation Slaughterhouse

Pigs to 
slaughter Feed

Env1 128,418 1186 3230 719 52,986 70,298

Env2 5023 5 14 3 3598 1404
Env3 53 0 0 0 10 42
Env4 220,041 6959 20,849 175 22,217 169,841
Env5 762 8 21 0 299 434
Env6 101,246 6159 17,482 167 7062 70,376
Env7 325,076 16 148 0 37,380 287,531
Env8 192 51 85 0 0 56
Env9 3170 4 18 836 919 1392
Env10 18,905 424 1087 121 4538 12,736

Table 2: Contribution results (absolute values) by actor, by indicator, control scenario.

Control 
scenario Sum Distribution Transformation Slaughterhouse

Pigs to 
slaughter Feed

Env1 132,162 1186 3230 3812 53,637 70,298

Env2 5034 5 14 12 3600 1404
Env3 53 0 0 0 10 42
Env4 225,389 6959 20,849 5041 22,698 169,841
Env5 766 8 21 4 299 434
Env6 102,937 6159 17,482 1707 7213 70,376
Env7 325,076 16 148 0 37,380 287,531
Env8 192 51 85 0 0 56
Env9 2582 4 18 247 921 1392
Env10 20,134 424 1087 1128 4759 12,736
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pH of the carcass used here to characterize animal welfare does not vary between the two 
scenarios. The introduction of the methanation scenario does not necessarily imply an 
improvement in animal welfare compared to control. The same applies to the transport of 
live animals between the pig exploitation and the slaughterhouse. With the introduction of 
the methanizer, the model considered the same agricultural exploitation, located at the 
same distance from the slaughterhouse compared to the control scenario. In this case, the 
indicator does not change. Among the economic indicators, the waste rate remains the 
same for the actors in the value chain, such as the slaughterhouse and the processing plant. 
The line losses are the same whether or not there is methanation plant on the farm in the 
considered value chain. Finally, the contribution analysis Tables (2 to 5) show that all the 
values   of environmental indicators are lowered thanks to the introduction of the methanation 

Table 5: Contribution results (percentage) by actor, by indicator, scenario 2.

Methanation 
plant scenario Sum (%) Distribution Transformation Slaughterhouse

Pigs to 
slaughter Feed

Env1 100 0.9 2.5 0.6 41.3 54.7

Env2 100 0.1 0.2 0.1 71.6 27.9
Env3 100 0.2 0.5 0 18.2 80.7
Env4 100 3.1 9.5 0.1 10.1 77.1
Env5 100 1.1 2.8 0 39.2 56.8
Env6 100 6.1 17.2 0.2 7.1 69.5
Env7 100 0 0 0 11.5 88.4
Env8 100 26.8 44.1 0 0 29.1
Env9 100 0.1 0.5 26.4 29 44
Env10 100 2.2 5.2 0.6 24.1 67.3

Table 4: Contribution results (percentage) by actor, by indicator, scenario 1.

Control 
scenario Sum (%) Distribution Transformation Slaughterhouse

Pigs to 
slaughter Feed

Env1 100 0.9 2.4 2.9 40.6 53.2

Env2 100 0.1 0.2 0.2 71.5 27.9
Env3 100 0.2 0.5 0 18.2 80.7
Env4 100 3.1 9.2 2.2 10 75.3
Env5 100 1.1 2.8 0.5 39 56.5
Env6 100 6 17 1.7 7 68.5
Env7 100 0 0 0 11.5 88.4
Env8 100 26.8 44.1 0 0 29.1
Env9 100 0.1 0.7 9.6 35.7 53.9
Env10 100 2.1 5.3 5.6 23.5 63.2
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plant, in particular upstream at the level of the farm. However, since the indicators are  
lowered for all players in the value chain, the share allocated to farmers increases while 
they are responsible for 85% of the environmental impacts in our model (control scenario). 
We discuss in the next section how this argument can be used in favor of the farmer in the 
negotiation between the actors in the context of a methanation scenario introduction.

5 DISCUSSION
The aim of this study was to discuss two hypotheses: first how modeling a value chain and its 
environmental, economic and social assessment offers a systemic framework and secondly 
how this kind of model offers a common basis to build new cognitive knowledge. The results 
show that, within the scope of our study and within the limit of the indicators chosen, the metha-
nation plant solution decreases the impact on a large majority of environmental indicators. 
When these indicators are not diminished, at worst they are unchanged. On the other hand, a 
large majority of social and economic indicators remain unchanged. A small share is worsened 
at the breeder step: additional working time, investments and the cost of production per product. 
The investment is inevitable in the case of the installation of a methanation plant but depending 
on the case, the return on investment can be more or less long and the investment more or less 
subsidized. The question of return on investment will be difficult to discuss to validate our 
assumptions. The ROI is not presented in this table and will be effectively dependent on each 
scenario. However, it is an argument to be exchanged in the context of negotiation among the 
partners. This provides the elements that can eventually be incorporated into the content of 
the contracts that will be established between the actors. The indicator ‘Working time’ must 
be analyzed in that sense: in our perimeter, its modification is related to the farmer’s activity, 
which implies that he must no longer be paid only for the finished product which he helps to 
put into market but also for the services he rendered to the society. The type of sustainability 
assessment promoted here makes it possible to go further than with eco-labels. It can help to 
apprehend socio-economic services that extend and are justified considering the added value 
created by the farmer and its exploitation as superior than just meat production. It should 
also be noted that when the energy produced in the system is taken into account and sold and 
used off-system, the impacts are downright negative. In other words, the methanation plant 
solution makes it possible to compensate for certain impacts. This is also a service to the 
society which cannot appear in an eco-label but which is expressed in the model proposed in 
this article. The information provided by this case study allows going beyond a simple speci-
fication transmitted from the downstream to the upstream. The search for a solution seems to 
be facilitated when it goes through a co-reflection rather than a cascade of instructions. The 
sharing of these representations can also enable the downstream stakeholders to better 
understand how they can value the work carried out by the operators upstream. It was shown 
how services rendered to society make it possible to extend the reflection beyond what was 
initially envisaged in the perimeter of the value chain alone. The contribution results Tables 
(2 to 5) show us that the relative contributions change enormously when a new methanation solution 
is put in place in a value chain. In particular, the shares allocated to the farm are increasing 
sharply. However, the jobs associated with crops and livestock are already undergoing a serious 
economic, environmental and image crisis in society. It seems inequitable to bring costs, 
additional impacts to actors who are already weakened, while the solution benefits every-
one in terms of image and cumulative impacts. Let us assume that the sustainability impacts 
of a product are brought to the attention of the consumer by means of direct or indirect trace-
ability (on the product, the packaging, via a related website, a flashcode, a promission, etc.): 
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the entire chain will be promoted, including the processor and the distributor. The benefit is 
not the farm but the entire value chain. It is therefore important that the risks and costs asso-
ciated with setting up the scenario are shared by all players in the chain. It is reasonable to 
assume that, as part of the implementation of a shared methanation plant between the actors 
of a value chain, as in the setting up of any shared project, the responsibility of reducing the 
sustainability impact of this chain, costs, investments must be shared equally. Depending on 
the calculation of impact allocations, it is the responsibility of some of the most fragile 
actors to negotiate with the strongest players, often those at the downstream level, to share 
the benefits of image among all.

6 CONCLUSION
This study has shown that, in the context of the implementation of a shared methanation 
solution among stakeholders in a value chain, sustainability impacts are indeed reduced or 
maintained overall. However, on a case-by-case basis, the different contributions vary 
greatly with the implementation of the new scenario. The type of model developed in this 
article can offer a common reference framework for the actors of the value chains analyzed 
in order to understand the sustainability of their products and their practices from a broader 
perspective than they are used to. Their perimeter of responsibility is extended and this 
meets the expectations of consumers. It is important for the actors to co-design their 
improvement solutions and to associate a negotiation process between different parties and 
the common reference that this type of study represents thus making it possible to create and 
coordinate mutual knowledge. However, within the framework of the implementation of a 
real project and no longer a theoretical one, finer studies requiring more data are necessary 
in order to refine the hypotheses, and the results. On the other hand, future research remains 
necessary to know the prospects of mutualisation according to the type of actors studied: 
here the actors already work together on the sustainability of their products. One may think 
that this preliminary cooperation facilitated the proper introduction of the methanation 
plant. Would this have been the case with two actors who have never worked together or 
worse, with competitors? What are the limits of this work of mutualisation and structuring 
of the sectors?
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SUSTAINABLE CITY 2016

OVERVIEW

The 11th International Conference on Urban Regeneration and Sustainability (The Sustainable 
City) took place at the University of Alicante in Spain. The meeting was the occasion to award 
the 13th Prigogine Medal.

The Conference addressed all aspects of urban environment, aiming to provide solutions 
leading towards sustainability. The meeting originated in Rio (2000), followed by Segovia 
(2002), Siena (2004), Tallinn (2006), Skiathos (2008), A Coruña (2010), Ancona (2012), Kuala 
Lumpur (2013), Siena (2014) and Medellin (2015). The 2016 Conference was co-organised 
by the University of Alicante, represented by Professor Antonio Galiano-Garridos, and the 
Wessex Institute, represented by Professor Carlos A. Brebbia.

Most of earth’s population now lives in cities and the process of urbanisation still continues 
generating many problems deriving from the drift of the population towards them. These 
problems can be resolved by cities becoming efficient habitats, saving resources in a way that 
improves the quality and standard of living. The process however, faces a number of major 
challenges, related to reducing pollution, improving main transportation and infrastructure 
systems. New urban solutions are required to optimise the use of space and energy resources 
leading to improvements in the environment, i.e. reduction in air, water and soil pollution 
as well as efficient ways to deal with waste generation. These challenges contribute to the 
development of social and economic imbalances and require the development of new solutions.

The challenge of planning sustainable cities lies in considering their dynamics, the exchange 
of energy and matter, and the function and maintenance of ordered structures directly or 
indirectly, supplied and maintained by natural systems.

The Conference addressed the multi-disciplinary aspects of urban planning; a result of the 
increasing size of the cities; the amount of resources and services required, and the complexity 
of modern society.

OPENING OF THE CONFERENCE

The Conference was opened by Professor Carlos A. Brebbia who referred to the excellent and 
long-established links between several research groups at the University of Alicante and his 
own Wessex Institute. Alicante – Carlos explained – is a comparatively young and dynamic 
University committed to a programme of excellence in all its areas of research. The city itself 
combines a rich history with a lovely coastline and beaches. The old centre, in particular, 
contains many historic churches and buildings. The most representative site in the city is the 
Castle of Santa Barbara, situated in an imposing elevated location from where the whole city 
and surrounding coastline can be fully appreciated. The Castle itself was a defence fort since 
prehistoric times. It became a major defence site during Moorish times and was considerably 
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enlarged after that by the Christian reign of 
Spain. Its rich and varied history parallels 
that of Alicante itself.

Carlos then explained the importance of this 
Conference for the programme. Sustainable 
City is one of the most important meetings 
organised by the Wessex Institute and in 
many ways indicative of its interdisciplinary 
type of activities. WIT – Carlos explained 
– encourages the dissemination of 
knowledge at international level and fosters 
interdisciplinary collaboration.

Sustainable City is  part  of WIT’s 
international conference programme, which 
consists of 20 to 25 meetings per year. In 
addition, the Institute carries out a variety 
of training and research activities on its own 
Campus in the New Forest National Park, 
located near Southampton.

WIT – Carlos explained – is renowned throughout the world for its pioneering work on setting 
up the basis of the Boundary Element Method (BEM), a computational method used for solving 
engineering and science problems. The basis of the method – and indeed its name – originated 
in the research group at Southampton University, before the work moved to the Wessex Institute.

Research and Development work continues at the Wessex Institute campus on further 
advances and applications of BEM. Carlos then proceeded to show a series of representative 
examples demonstrating the use of BEM as a simulation tool in aerospace, energy engineering, 
hydrocarbon problems, medical studies, mechanical applications, electromagnetics, and others.

Another important objective of WIT is the dissemination of knowledge. In this regard the 
Institute has taken an important step in making all its papers – such as those presented at this 
conference – freely available on its website. Colleagues from all over the world can download 
this PDF. This gives greater visibility and large numbers of citations to papers presented at 
WIT conferences, which are also listed in Google Scholar and other important databases.

Consistent with its aim of bringing together different disciplines and exploring new areas of 
research, WIT has launched a series of International Journals which are now becoming well 
established. Of particular interest to this conference is the one on Sustainable Development and 
Planning. Others related to this meeting are Design & Nature and Ecodynamics, and Safety 
and Security Engineering (all these papers are also freely available in the Institute eLibrary 
site http://www.witpress.com/elibrary).

During a recent conference that also took place at the University of Alicante – Carlos said – a 
new Journal was launched, Heritage Architecture. The publication, in spite of its short history, 
has proved to be highly popular and has attracted numerous contributions.

Carlos ended his welcoming address by thanking the delegates for their participation in this 
important meeting and, in particular, to the University of Alicante for hosting the conference.

Professor Carlos A. Brebbia opening the conference
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ADDRESSES FROM THE UNIVERSITY OF ALICANTE

Professor Juan Llopis, Vice Rector for International Relations, welcomed the participants 
in the name of the University of Alicante and thanked them for having participated in the 
Conference. He also expressed his appreciation to the Wessex Institute for having arranged 
for the meeting to be held at the University.

Juan explained the importance of Urban Development for Spain where the construction industry 
is of primary importance. Alicante has been impacted by the recession of the building industry 
with relation to tourism.

The University of Alicante carries out research on different aspects of urban sustainability. 
The University Campus itself, which is new, has been developed with a large number of open 
green spaces.

The University, in spite of its recent foundation, has grown considerably in the last few years, 
reaching now a number of 30,000 or so students, 4,000 of which are postgraduates. Teaching 
and research are carried out by 2,500 members of staff.

The University of Alicante is always keen to develop strong links with other institutions and 
to add new international projects to the many already underway.

Professor Antonio Galiano, Head of the School of Architecture, then welcomed the delegates 
and spoke of his commitment as Director of International Relations to foster strong links with 
other schools.

KEYNOTE PRESENTATIONS

The Conference programme was enhanced by a series of keynote addresses by well-known 
speakers:

• “Urban metabolism and regenerative economics”, Brian Fath, Towson University, USA.

• “Relative vulnerabilities of urban residential development to oil depletion: pilot case 
studies of a representative building typology in the Australian context”, Roger Brewster, 
Bond University, Australia.

• “Reforging spatial identity for social sustainability”, Robert Barełkowski, West-
Pomeranian University of Technology, Poland.

• “Public participation in the process of improving quality of the urban frame”,  
Antonio Galiano, University of Alicante, Spain.

•  “Urban growth and urban infrastructure relations in Turkey”, Sirma Turgut,  
Yildiz Technical University, Turkey.

• “Exploring affordances of the street”, Andrew Furman, Ryerson University, Canada.

• “Social conflicts in coastal touristic cities. Holistic renovation of buildings in Benidorm”,  
Victor Echarri, University of Alicante, Spain.
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• “The role of public spaces to achieve urban happiness”, Marichela Sepe,  
University of Naples, Italy.

• “Planning and management challenges of tourism in natural protected areas in Baja 
California, Mexico”, Rosa Rojas-Caldelas, Autonomous University of Baja California, 
Mexico.

• “Illegal pedestrian crossing at traffic signals: a study on tourist behaviour”,  
Antonio Pratelli, University of Pisa, Italy.

• “Urban management foundation in Risk Reduction”, Cristina Olga Gociman, 
University of Architecture and Urban Planning, Romania.

•  “Water quality of the beach in an urban and not urban environment”,  
Yolanda Villacampa, University of Alicante, Spain.

SPECIAL SESSIONS

There were also three special sessions organised by members of the International Scientific 
Advisory Committee, as follows:

Special Session on Sustainable urban regeneration and public spaces, organised by  
Marichela Sepe, University of Naples, Italy, consisting of papers on the following topics:

• The role of public spaces

• Place identity and sustainable urban regeneration

• Quality of public spaces and sustainable urban development

• Place making and its implications for social value

• Interdisciplinary transformation of Warsaw University of Technology buildings

• Sustainable living methods

• Concepts and methods to evaluate uses of a noise polluted site

• Urban regeneration of public spaces in down town Cairo

• Solid waste management strategies

• Social dimension of urban renewal, the case of Yildirim districts

• An approach to identify Naples real driving cycle regarding WLTC framework

Special Session on Pedestrian behaviour in different traffic situations, organised by  
Antonio Pratelli, University of Pisa, Italy, consisting of papers on the following topics:

• Pedestrian crossing at traffic signals

• Modern and ancient pedestrian mobility

• Pedestrian level of service
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Special Session on City and beach, organised by Yolanda Villacampa, University of Alicante, 
Spain, consisting of papers on the following topics:

• Water quality on the beach

• Urban development in Denia and its influence on the beach

• Alicante beach, city sustainable development

• Alicante coastal management

• Sustainable development in the city-beach of Alicante

CONFERENCE TOPICS

The numerous papers presented at the conference were classified under a series of topics, as 
follows:

• Urban conservation and regeneration

• Urban strategies

• Urban metabolism

• Urban planning and design

• Urban development and management

• Landscape planning and design

• Urban regeneration and public spaces

• Quality of life

• Waterfront developments

• Architectural issues

• City and beach

• Socio-economic issues

• Transportation

• Pedestrian behaviour

• Case studies – sustainable practices

PRIGOGINE MEDAL 2016

The conference was the occasion of awarding the Prigogine Medal to the 2016 candidate, 
Professor Brian Fath. The ceremony was presided by the Vice Rector, Professor Rafael Muñoz 
Guillena. The academic process included twenty or so doctors from many different countries, 
as well as from the University of Alicante.
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The Vice Rector opened the act, inviting Professor 
Carlos A. Brebbia to say a few words about the history 
and the person and personality of Professor Brian Fath. 
Carlos proceeded as follows:

“Ilya Prigogine was born in Moscow in 1917, and 
obtained his undergraduate and graduate education 
in chemistry at the Free University in Brussels. He 
was awarded the Nobel Prize for his contribution to 
non-equilibrium thermodynamics, particularly the 
theory of dissipative structures. The main theme of 
his scientific work was the role of time in the physical 
sciences and biology. He contributed significantly to the 
understanding of irreversible processes, particularly in 
systems far from equilibrium. The results of his work 
have had profound consequences for understanding 
biological and ecological systems.

“The Prigogine Medal was established in 2004 by the 
University of Siena and the Wessex Institute to honour 
the memory of Professor Ilya Prigogine, Nobel Prize 
Winner for Chemistry. This medal is awarded annually 
to a leading scientist in the field of ecological systems. 
All recipients have been deeply influenced by the work 
of Prigogine.

Previous Prigogine Laureates are:

2004 Sven Jorgensen, Denmark

2005 Enzo Tiezzi, Italy

2006 Bernard Patten, USA

2007 Robert Ulanowicz, USA

2008 Ioannis Antoniou, Greece

2009 Emilio del Giudice, Italy

2010 Felix Müller, Germany

2011 Larissa Brizhik, Ukraine

2012 Gerald Pollack, USA

2013 Vladimir Voeikov, Russia

2014 Mae-wan Ho, UK

2015 Bai-lian Larry Li, USA

Professor Carlos A. Brebbia and Professor 
Brian Fath at the awards ceremony
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Brian D. Fath is Professor in the Department of Biological Sciences at Towson University 
(Maryland, USA) and Research Scholar within the Advanced Systems Analysis Program at 
the International Institute for Applied Systems Analysis (Laxenburg, Austria). His research is 
in the area of systems ecology and network analysis applied to the sustainability and resilience 
of socio-ecological systems. His interests range from network analysis to ecosystem theory to 
urban metabolism to systems thinking and environmental philosophy. Dr Fath has taught courses 
on ecological networks and modelling in many different locations around the world. He holds 
visiting faculty appointments at the School of Environment, Beijing Normal University and 
at the State Key Laboratory of Urban and Regional Ecology, Chinese Academy of Sciences 
both in Beijing, China. He was also Fulbright Distinguished Chair at Parthenope University 
of Naples, Italy.

He has published numerous research papers, reports, and book chapters. He co-authored 
three books; he is Editor-in-Chief for the journal Ecological Modelling; President of the 
North American Chapter of International Society for Ecological Modelling and, among 
other appointments, he is a member and present Chair of Baltimore County Commission in 
Environmental Quality.

The Vice Rector then proceeded to award the medal to Professor Brian Fath and invited him 
to deliver his inaugural address, which was entitled “Systems Ecology, Energy Networks and 
a Path to Sustainability”.

Prigogine Award Ceremony
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ABSTRACT OF THE PRIGOGINE ADDRESS

One of the great advances of the 20th century was the rise of a formal systems science and 
systems thinking. This progress influenced ecology in ways that provided new insight to the 
structure and function of ecosystems using tools from thermodynamics, networks, information 
theory, and more. This led to a better understanding of how ecosystems function in terms 
of using available energy to create complex structures to move away from thermodynamic 
equilibrium and how these self-organizing structures adapt to changing situations. Ecological 
goal functions can measure this orientation of ecosystem growth and development. This 
presentation will address how these metrics attuned for ecosystems have relevant application 
in socio-economic systems. In particular, Energy network science (ENS) is a new paradigm 
that draws from thermodynamics, information theory, and network analysis to assess the 
organization, patterns, and dynamics of diverse systems such as ecosystems, financial systems, 
and urban metabolism. ENS will be demonstrated for community resilience in terms of 10 
measures of regenerative vitality. These measures can help urban and community planners 
improve the overall ‘metabolic’ performance of the relevant ecological, economic, or social 
systems.

(Note the full version of the presentation can be found in the International Journal of Design 
& Nature and Ecoynamics, Volume 12 Number 1 which can be freely downloaded from the 
digital library of the Wessex Institute at http://www.witpress.com/elibrary.

ISAC committee meet over dinner
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SOCIAL OCCASIONS

The International Scientific Advisory Committee (ISAC) met over dinner to discuss the meeting 
and arrange for it to be reconvened in 2017. The general impression is that the conference 
has been very successful and the list of topics describes well the objectives of the meeting. 
Nevertheless a few more themes were proposed to ensure that Sustainable City 2017 attracts 
the latest developments. A few more names for the ISAC were nominated by the Committee.

The Conference dinner took place in a well-known restaurant located in the Alicante marina. 
The excellent cuisine and good local wines provided an excellent environment to strengthen 
the links between the participants. The night was made more enjoyable by the performance 
of a music and dancing group which performed local pieces using typical Alicante musical 
instruments. The recital was excellent and well received by the delegates who had a unique 
opportunity to listen to regional music.

CLOSE OF THE CONFERENCE

The Conference was closed by Carlos who thanked all delegates for having participated in 
the meeting and particularly the authors who contributed to the sessions of the conference. 
He hoped that they will continue to be in contact with WIT and be able to visit its Campus 
next time they are in the region.

Conference banquet



1392 Int. J. Sus. Dev. Plann. Vol. 12, No. 8 (2017)

Transactions of the Wessex Institute

Subject Areas Covered

WIT Transactions on the Built 
Environment 
Acoustics, Architecture, Earthquake 
Engineering, Geomechanics & Geo-
Environment, Marine & Offshore Engineering, 
Structural Engineering & Transport 
Engineering, Risk Analysis, Heritage 
Architecture

WIT Transactions on Ecology and the 
Environment 
Air Pollution, Design & Nature, Ecology, 
Sustainable Development, Environmental 
Engineering, Environmental Health & Water 
Resources, Energy Resources, Bioengineering, 
Human Health, Biosciences

WIT Transactions on Engineering 
Sciences 
Damage & Fracture Mechanics, Electrical 
Engineering & Electromagnetics, Fluid 
Mechanics, Heat Transfer, Materials & 
Manufacturing, Mathematics & Statistics, 
Information Technologies, Complex Systems 
Boundary Elements & Meshless Reduction 
Methods & Numerical Methods for Engineering

An Essential Collection
The Transactions of the Wessex Institute 
collection features the leading, reviewed papers 
presented at the Institute’s selected international 
conferences and other papers published by WIT 
Press covering specialized engineering and 
scientific topics. They respond to the needs 
of the research community by providing rapid 
access to scientific and technical information.

The collection continues to increase in size and 
prominence, with new additions each year to the 
papers published since 1993.

Real Depth and Scope
Consisting of approximately 30,000 papers, the 
collection is divided into three core research 
areas.

Up to Date
With access to the latest research and nearly 
30,000 articles, with thousands more added 
every year.

Transactions of the Wessex Institute
Prestigious collection

♦ Access to the latest research
♦ Real depth and scope
♦ Peer reviewed
♦ Simple to use

Simple to Use
Full text access is available via PDF, with the 
facility of basic, advanced and author search 
options.



 Int. J. Sus. Dev. Plann. Vol. 12, No. 8 (2017) 1393

The following titles can be ordered from:
WIT Press, Ashurst Lodge, Ashurst, Southampton, SO40 7AA, UK

Tel: 44 (0) 238 029 3223   Fax: 44 (0) 238 029 2853 
Email: marketing@witpress.com   www.witpress.com

BOOKS fromWIT PRESS
TM

Sustainable Development and Planning VIII
Edited by: C.A. BREBBIA, Wessex Institute of Technology, UK,  
S.S. ZUBIR, Universiti Teknologi Mara, Malaysia and  
A. S. HASSAN, Universiti Sains Malaysia, Malaysia

The 8th International Conference on Sustainable Development and Planning 
is part of a series of biennial conferences on the topic of sustainable regional 
development which began in Greece in 2003. The papers included in these 
proceedings report on the latest advances from scientists specialising in the 
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