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Preface to ”Environmental Energy Sustainability at

Universities”

The use of renewable energies and energy saving and efficiency are needs of global society

and universities. Universities have a large responsibility and social impact, as they are an example

and engine of social change. Universities, in the European context, must be at the forefront of ESA

processes, seeking to be at the same level as, and preferably higher than, the rest of society, seeking a

goal of 20% renewable energy for 2020 and, in the longer term, greater energy efficiency based on a

diverse use of renewable energy and studying the feasibility of other energy processes (cogeneration,

trigeneration, etc.). The application of renewable energies and energy efficiency allow universities

to make significant savings in their costs and contribute to sustainable development and the fight

against climate change. Actions in pursuit of these goals in addition to the objective of energy saving

should promote research and form an example for the university community. This book aims to

advance the contribution of energy saving and the use of renewable energies in order to achieve more

sustainable universities.

Alberto Jesús Perea Moreno, Francisco G. Montoya

Editors
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Abstract: The use of renewable energies and energy saving and efficiency are needs of global society
and universities. Universities have a large responsibility and social impact, as they are an example and
engine of social change. Universities, in the European context, must be at the forefront of sustainability
progress, seeking to be at the same level, and preferably higher than the rest of society, seeking the
goal of 20% in renewable energy for 2020 and, in the longer term, greater energy efficiency based on
a diverse use of renewable energy and studying the feasibility of other energy processes (cogeneration,
trigeneration, etc.). The application of renewable energies and efficiency allow universities to make
significant savings in their costs and contribute to sustainable development and the fight against climate
change. Actions on these aspects in addition to the objective of saving should seek to promote research
and form an example for the university community. This Special Issue aims to advance the contribution
of energy saving and the use of renewable energies in order to achieve more sustainable universities.

Keywords: energy saving; renewable energy; universities; zero-energy buildings; energy efficiency;
sustainability; bioclimatic architecture; sustainable transport; photovoltaic; energy saving in
laboratories; energy saving in data processing centres

1. Introduction

Efficient energy consumption has now become one of the most important points on which society
must raise awareness and work on it, because it is today, more than ever, when natural resources are
scarcer and scientists are showing more evidence of climate change. Energy consumption is one of the
main sources of environmental impact at the University, and also represents a significant economic
expense. Likewise, from the environmental point of view, it is worth noting that through the energy
savings, we will be contributing to a good use of energy and, in turn, we will be providing solutions
that minimize the impact or energy footprint on society. In this sense, a lower use of resources and
the promotion of renewable energies will result in an important contribution to reduce the evolution
towards a negative climate change.

This Special Issue aims to advance the contribution of energy saving and the use of renewable
energies in order to achieve more sustainable universities. This Special Issue seeks contributions
spanning a broad range of topics related but not limited to:

• Solar energy
• The use of rooftops for energy generation
• Energy conversion from urban biomass or residues
• Energy management for sewage water
• Bioclimatic architecture and green buildings
• Wind energy cogeneration
• Public and private urban energy saving

Sustainability 2020, 12, 9219; doi:10.3390/su12219219 www.mdpi.com/journal/sustainability1
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• Policy for urban energy saving
• Electric meters
• Zero-energy buildings

2. Publication Statistics

The publication statistics of the call of papers for this Special Issue, regarding the articles published
or rejected with respect to the total number of articles submitted, were:

- 14 articles submitted (100%)
- 4 articles rejected (28.6%)
- 10 articles published (71.4%)

The regional distribution of authors by countries for the published articles is presented in Table 1,
in which it is possible to observe 24 authors from three countries. Note that it is usual for an item to be
signed by more than one author and for authors to collaborate with others from different countries.

Table 1. Authors’ countries.

Country Authors

Spain 12
Mexico 9

Colombia 3

Total 24

3. First Affiliation and Country of the Special Issue Authors

Table 2 shows the affiliations of the authors who have participated in this Special Issue.

Table 2. Authors’ affiliations of this Special Issue.

Author First Affiliation Country Reference

Garrido-Yserte, R. University of Alcalá Spain [1]

Gallo-Rivera, M.-T. University of Alcalá Spain [1]

Perea-Moreno, M.-A. Universidad Internacional de La Rioja (UNIR) Spain [2–4]

Hernandez-Escobedo, Q. Universidad Nacional Autónoma de México Mexico [2–5]

Rueda-Martinez, F. Universidad Nacional Autónoma de México Mexico [2]

Perea-Moreno, A.-J. University of Cordoba Spain [2–4]

Ramirez-Jimenez, A. University of Almeria Spain [3]

Dorador-Gonzalez, J.M. Universidad Nacional Autónoma de México Mexico [3]

Grisales-Noreña, L.F. Instituto Tecnológico Metropolitano Colombia [5]

Ramos-Paja, C. Universidad Nacional de Colombia Colombia [5]

Gonzalez-Montoya, D. Instituto Tecnológico Metropolitano Colombia [5]

Alcalá, G. Universidad Veracruzana Mexico [5]

Manzano-Agugliaro, F. University of Almeria Spain [4,6–8]

Chihib, M. University of Almeria Spain [6,7]

Salmerón-Manzano, E. Universidad Internacional de La Rioja (UNIR) Spain [6–8]

Novas, N. University of Almeria Spain [7]

Leon, I. University of the Basque Country UPV/EHU Spain [9]

Oregi, X. University of the Basque Country UPV/EHU Spain [9]

Marieta, C. University of the Basque Country UPV/EHU Spain [9]

Chavero-Navarrete, E. Universidad Autónoma de Querétaro Mexico [10]

Trejo-Perea, M. Universidad Autónoma de Querétaro Mexico [10]

Jáuregui-Correa, J.-C. Universidad Autónoma de Querétaro Mexico [10]

Carrillo-Serrano, R.-V. Universidad Autónoma de Querétaro Mexico [10]

Rios-Moreno, J.-G. Universidad Autónoma de Querétaro Mexico [10]
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4. Topics of Environmental Energy Sustainability at Universities

The research carried out by the different authors is classified according to the topics of the Special
Issue in Table 3. It was noted that one “Environmental Energy Sustainability at Universities” topic
dominated the rest: “Sustainability”.

Table 3. Topics of Environmental Energy Sustainability at Universities.

Topics Number of Manuscripts Reference

Energy efficiency 2 [1,6]
Energy conversion from urban biomass or residues 2 [2,4]

Solar energy 2 [3,5]
Sustainability 3 [7–9]
Wind energy 1 [10]

Author Contributions: The authors all made equal contributions to this article. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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The Role of Smart Contracts in Sustainability:
Worldwide Research Trends

Esther Salmerón-Manzano 1 and Francisco Manzano-Agugliaro 2,*

1 Faculty of Law, Universidad Internacional de La Rioja (UNIR), Av. de la Paz, 137, 26006 Logroño, Spain;
esther.salmeron@unir.net

2 Department of Engineering, ceiA3, University of Almeria, 04120 Almeria, Spain
* Correspondence: fmanzano@ual.es
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Abstract: The advent and development of digital technologies has had a significant impact on the
establishment of contracts. Smart contracts are designed as computer code containing instructions for
executing user agreements, offering a technologically secure solution with numerous advantages
and applications. However, smart contracts are not without their problems when we try to fit them
into the traditional system of contract law, and their presumed benefits can become shortcomings.
Bibliometric studies can help to assess the current state of science in a specific subject and support
decision making and research direction. Here, this bibliometric study is used to analyze global
trend research in relation to this novel contractual methodology, the smart contract, which seems to
have experienced exponential growth since 2014. Specially, this analysis was focused on the main
countries involved and the institutions that lead this research worldwide. On the other hand, the
indexations of these works are analyzed according to major scientific areas and the keywords of all
the works, to detect the subjects to which they are grouped. Community detection has been used
to establish the relationship between countries researching in this area, and six clusters have been
identified, around which all the work related to this topic is grouped. This work shows the temporal
evolution of research related to smart contracts, highlighting that there are two trends—e-commerce
and smart power grids. From the perspective of driving sustainability, smart contracts could provide
a contribution in the near future.

Keywords: bibliometrics; community detection; energy; law; sustainability; smart contracts

1. Introduction

A contract is where individuals, groups, companies, institutions, and even governments enter
into an agreement, where each of them is committed to fulfilling certain conditions. If the contract is
traditional, it is written in language appropriate to the territory or legislation where the agreement is
drafted, and if the parties involved agree, then they sign the document and legally agree to comply
with it. All economic transactions between companies or individuals, for goods, services, or relations
between the parties, are implemented by means of contracts; purchase and sale, lease, supply, loan,
transport, and work are some of the most common examples. More modern examples include the
contractual relationship between authors and publishers on copyright [1] and how insurance contract
law differs widely between jurisdictions [2]. The performance of a contract is, ultimately, the will of the
parties, and if one of them resolves not to comply with the law, it grants actions to the other signatory
parties, and the appropriate judicial or arbitral process must be conducted. However, a question
always arises at any time a contract is written, which is a tradeoff that must be addressed—whether or
not to make a contract flexible but incomplete or rigid but comprehensive [3].

The digital age dominates world trade, so smart contracts can have a place in the foreseeable
future. It is enough to mention that firms deploying computerized order systems are now responsible

Sustainability 2019, 11, 3049; doi:10.3390/su11113049 www.mdpi.com/journal/sustainability5
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for more than 60% of the trading volume in U.S.-listed stocks [4]. The emergence of electronic and
self-executing contracts is the inevitable consequence of the automation process of the Internet and the
Internet of things. The legal regime integrates this contracting format without difficulty, but achieving
a fully automated process implies, for example, resorting to network payment mechanisms, which are
not always adapted to the current contractual type. The use of virtual currencies, such as bitcoin or
electronic money, could cover this role, but the scarce or non-existent regulation of virtual currencies [5],
and their dual character of unit of value and unit of account, hinder the functionality and legal security
of the use of Blockchain technologies in standardized and automated contracting formats.

Blockchain technology is a distributed ledger that enables subscribers to enter and update records
in the ledger, and cryptography assures that stored records will remain the same after they are added [6].
This ensures that no alterations can be made as changes would invalidate the whole register. The block
network is represented by the nodes and virtual machines that are connected in peers, and each node
involved has a ledger copy. The virtual machines run nodes. Once a new block has been agreed upon
in the network, each node will refresh its record by appending the new block. All transactions are
processed and sent from the involved nodes. All nodes in the network will agree on a consensus
method for aggregating new records to the ledger [7]. As an example of a programming language,
a JavaScript-like language called Solidity can provide a method for executing computer code on
blockchain nodes. Computer programs that verify contracts digitally, enforce those contracts, and run
on a blockchain network are called smart contracts [8].

So-called electronic contracts have been a known and enforced reality for several decades. A first
question to be resolved is what is meant by a “self-executory” contract and smart contract. In our
opinion, these terms allow us to approach the same reality from partially different perspectives. From
a technical or informatic prism, a smart contract would be a sequence of code and data that carries out
the operation in its foreseen case and does not constitute a contract in the legal sense, even though
such a term appears in its name. From a legal standpoint, the term “smart contract” would refer to an
existing agreement between parties for which the code sequence would be a portion or all of the same.
In other words, the code itself does not constitute a contract but responds to an agreement that gives
meaning to it, and that serves as its expression.

Some authors define smart contracts as self-executing digital transactions that use decentralized
cryptographic mechanisms [9]. Although novel, this form of compromise is not new; it has been on
the table for more than thirty years. Specifically, it was in 1994 that US computer scientist Nick Szabo
proposed what was then a fanciful notion of computerized transaction protocols for intelligent contracts
that executed the terms of a contract [10]. In this way, smart contracts proposed the combination of
protocols with user interfaces to formalize and secure relationships across computer networks [11].
Recently, the development of the Blockchain and Bitcoin technologies has once again driven the
approach to the potential of smart contracts [12]. In Figure 1, the process of creating a smart contract
and the blockchain is represented in a schematic form.

Smart contracts are not like commonly understood contracts, particularly for legal scholars and
practitioners. The difference, however, is that because these contracts are intelligent, they can be
fulfilled automatically. Even if these contracts are fulfilled automatically, it is necessary for each of
the members to do their part. The main differences between smart and traditional contracts are the
ways they are written, their legal implications, and how the agreed conditions will be fulfilled. These
distinctive characteristics are the ones that provide the advantages and disadvantages of both types of
contracts, which are easily observable when understanding how they work.

However, there is a long history of self-executory contracts. Take the example of ‘on demand’
guarantees. While clearly contracts, on demand guarantees do not reflect any particularly general idea
of what a contract is, but rather a highly specialized institutional context where, firstly, it is possible
to codify a transaction so that self-executing rights have practical meaning and, secondly, there is a
highly specific, narrow context of use, where the multiplicities generally implicit in a contract can
be controlled.
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Figure 1. Smart contracts: (a) transaction idea, (b) smart contracts and blockchains, (c) transaction
confirmed and added as a block to the blockchain.

A novel area of law is emerging around blockchain platforms and automated transactions [10].
The so-called Internet of Things (IoT) refers to a connection to the web for millions of devices. In IoT,
fridges, washing machines, televisions, and vehicles can connect to the Internet and exchange data
with the millions of other users or computers on the web. In this scenario, which is predicted for
the near future, smart contracts could go beyond single-tract contracts and ensure the execution of
successive-tract contracts. However, some authors, specialized in law, advise on the emerging risks in
the use of smart contracts, which could certainly be a branch of research in this field [13].

Blockchain systems can be beneficial for non-centrally controlled storage, notarizing, and
subsequent execution of intelligent contracts. However, fundamental problems can arise about
the modification and termination of intelligent contracts. To simplify the modification of intelligent
blockchain contracts, declarative language could be used, but compared to its imperative counterparts,
it may not live up to expectations in terms of computational complexity and associated costs. For these
reasons, we must emphasize that imperative and declarative approaches are not incompatible, but
instead have the potential to complement each other, which can lead to interesting theoretical and
practical opportunities [14].

However, "failed" smart contracts already exist. These contracts have even classified into prodigal,
suicide, and greedy contracts [15]. Prodigal contracts are those which have fallen into the hands of
hackers, thereby changing the direction the Ethers should go in this case. This fraud has caused
crypto-currencies to reach a fraudulent address and become the property of the fraudster who had
been placed between the contracting party and the actual recipient of the crypto-currency [16]. Suicide
contracts are those that are closed when an exit requirement is activated by the person carrying out the
attack. It may be that there is a wrongly implemented exit clause, as has already happened, and the
consequence is quick to occur. Under the cover of a legal act, the wrong person ends up taking all the
encrypted money that the smart contract entails [17]. It should also be noted that inadequate protection
of the information in one of these contracts also ends up allowing funds to be moved to illegitimate
places. Greedy contracts may be due to bad practice or miswriting, but the fact is that the contracting
party will no longer have the legitimacy to receive its encrypted currency. It gets out of their control,
and ends the contract. This is an example of economic loss due to vulnerability failure [18].

From a sustainability point of view, it is possible to find many works that show the potential of
smart contracts [19]. Nikolakis et al. [20] studied how law, regulation, and private standards have
evolved to enhance sustainability in value chains. As an example, they show how blockchains can
improve sustainability by informing consumers about the origin of products, provide guarantees
about the authenticity of information, and offer a mechanism for enforcing representations through the
smart contract function of the blockchain. Park et al. [21] propose the implementation of an energy
transaction platform based on P2P (peer–to–peer) blockchains to support energy efficient transactions

7
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between prosumers, which will encourage a more sustainable trading ecosystem between consumers
and prosumers. Giungato et al. [22] propose the development of an Energy Internet, based on a new
type of power grid structure based on the generation of renewable energy, distributed energy store
devices, and the existent of the Internet [23]. Gatteschi et al. [9] propose a use for the insurance sector
and give the example of B3i, the first blockchain-centered insurance consortium [24].

Other characteristics of smart contracts to expand their potential for sustainability are to accelerate
and automate the exchange of information on the value of natural resources and environmental
sustainability. Examples of sustainable supply chain traceability can be found as agrifood products [25],
as forests (if the trees are cut without destroying natural forests) [26], or as payment for ecosystem
services [26]. Another great smart contract approach is the application to improve logistics services
and supply chains, such as in the pharmaceutical sector [27] or alimentary supply chain [28].

On the other hand, there are studies that warn about the problems of these technologies. For example,
the advantages of blockchain technology can be overshadowed by the intentionally resource intensive
nature of their transaction verification process, which now menaces the climate on which we depend to
survive [17]. There is previous research that has studied the relationship of sustainability with “bitcoin”,
“digital currency”, “cryptocurrency”, and “virtual currency” [29], or the relationship of sustainability
with the “Energy Internet” [30]. From a legal point of view, smart contracts, in contrast to traditional
contracts, should address issues such as trial risks, enforcement risks, and jurisdictional risks. In fact,
it would be useful to analyze the on-demand guarantee example to see in what kinds of institutional
contexts they might be used. In this regard it is possible to find, as an example, contracts for insurance.
Insurance contracts, or more specifically reimbursement in specific, narrowly defined loss scenarios,
much more clearly provide a similar highly specialized institutional context comparable to the existing
generally used self-executory contracts, such as on demand guarantees.

In short, this new technology has its advantages and disadvantages. Therefore, as it is a technology
under development, work is continuing to optimize its operation to the maximum. On the other hand,
there are investigations that alert to the problems of these technologies. For example, the advantages
of blockchain technology can be overshadowed by the intentionally resource intensive nature of their
transaction verification process, which now menaces the climate on which we depend to survive [31].
Until now, no systematic study of all published works related to smart contracts has been carried out.
A bibliometric analysis is a useful tool, both for the study of the state of different scientific disciplines
and for the scientific production of a given region, discipline, or topic. Its study aim is to physically
represent the products of thought in documents. In other words, intellectual knowledge supported by
material support—the publications.

Bibliometric analyses can determine which fields of research have been carried out, and which
organisms and countries are the main ones applicable in researching this topic. Bibliometrics and the
use of their indicators are necessary scientific tools because they allow the quantification of science in
an objective way, as they show the current knowledge in a given scientific field and its compilation in
bibliographic databases. The importance of bibliometric studies is carried out in all branches of science,
such environment [32] and education [33]. In this context, the present work has the main objective of
analyzing the global research trends on smart contracts, with special attention to analyzing the main
areas in which efforts are being made by the scientific community.

2. Methods

One of the world’s largest databases of scientific literature is Elsevier’s Scopus, which contains
approximately 18,000 titles from more than 5000 international publishers, including coverage of 16,500
peer-reviewed journals in the areas of Science, Technology, Medicine, and Social Sciences, including the
arts and humanities. This is the methodological basis of this study, which has been used successfully
in other bibliometric studies [34].

The coexistence of two large scientific databases, Scopus and Web of Science (WoS), raises the
question of the stability of the statistics obtained by one or the other sources of information. Several
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studies have measured the overlap between databases and the impact of using different data sources for
specific research fields on bibliometric indicators, demonstrating a larger number of journals indexed
by Scopus compared to WoS [35]. Regarding the overlap, 84% of the WoS titles are also indexed in
Scopus, while only 54% of the Scopus titles are indexed in WoS [36]. For example, some studies related
to citations in the papers conclude that each database covered 90% of the citations in the other database
when the citation period is limited to Scopus citation coverage for 1996 and beyond [37].

The methodology followed in this work is described in Figure 2. The search term is first consulted
in the Scopus database (1). The term smart contract was used for the entire historical series up
to 2018, where the exact search query was TITLE-ABS-KEY (smart AND contract). The resultant
search is exported to Comma Separated Value (CSV) text format (2) for each of the fields studied
(i.e., publications by year, type of publication, publications by category indexed by Scopus, publications
by country, publications by institutions, and keywords and their frequency). Thirdly (3), the previously
downloaded text files are imported into Excel, and all of them are represented without removing
any data. Fourthly (4), the keywords are represented by means of the free online software Word Art
(https://wordart.com/) to obtain a cloud words where the most important ones are highlighted. Fifth
(5), the methodology was developed to analyze the scientific communities or clusters associated with
this thematic. The exported information of the complete search was imported in csv format in the
free and online bibliometric analysis software called VOSviewer (http://www.vosviewer.com/). Here,
the relations between the countries, interpreted through the co-authors of every one of the works,
were analyzed, and the research clusters of the works were analyzed, using the relations between all
keywords of all the works.

 

Figure 2. Methodology chart.

With respect to the chosen software, it should be noted that for the direct representation of results,
bar charts, percentage distribution, or lines of evolution over time, a spreadsheet has been used via
Microsoft Excel, which allows the direct import of the csv format exported by the Scopus database.
For the clouds of words, the Word Art software has been chosen because it is free and online and
allows the import of data from excel. Finally, the community detection software, we also opted for free
software available online that allows the direct import of data in csv format exported from Scopus.

Finally, the community detection software used was the VOSviewer, which was also chosen for
being free software available online that allows the direct import of data in the csv format exported from
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Scopus and also allows the figures to be exported to a large range of graphical formats. The VOSviewer
delivers three displays: Network visualization as clusters, overlay visualization as temporal evolution,
and density visualization. In all cases, the parameters chosen for the analysis were: normalization
method (association strength), layout (attraction 2, repulsion 0), clustering (resolution 1.00, minimum
cluster size 1), and rotate (90 degrees).

3. Results and Discussion

3.1. Evolution of Scientific Production, Languages, and Types of Documents

The search yielded just over 1700 documents up to the year 2018, the evolution of which is reflected
in Figure 3. This result shows that the first works published date back to the 1980s, but it was not
until 2003 that they began to reach a certain relevance, with the volume of publications stabilizing at
50 works per year. However, the most remarkable increase can be seen from 2014 onwards, at which
point the upward trend can be considered exponential.

Figure 3. Evolution of scientific publications related to smart contracts.

If the results are analyzed according to the type of publication (Figure 4), it is observed that most
results are communications presented at congresses (53%; 46% conference papers and 7% conference
reviews), followed by articles in journals (38%; 33% articles and 5% reviews), as well as books and
book chapters (2%). The rest is distributed among other formats such as editorials, notes, and letters.
The high percentage of conferences in relative terms is because it is a very recent technology or area
of interest. Thus, when the subject matter of research is consolidated, the percentage of books is
higher and, above all, the number of articles in relation to number of congresses is higher. Note that
scientific conferences are usually on very specific scientific topics and are aimed at sharing ideas
among researchers. In short, these scientific events are key activities for the process of knowledge
dissemination, for the presentation of new findings, and for the development of science in a community.

10
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Figure 4. Distribution of publication type in relation to smart contracts.

These papers are written mostly in English, accounting for more than 97% of publications, as is
usual when consulting international scientific databases. However, there are also works published in
Chinese, French, Russian, German, Dutch, Portuguese, Spanish, and Japanese.

3.2. Distribution of Publications by Institution and Country

Regarding the countries which have carried out the most research on this subject, the USA stands
out, with more than 22% of the total number of published papers, followed by China, with more than
6%, and finally the United Kingdom, Germany, and Italy, with slightly more than 5%.

The affiliations of the works do not essentially respond to the same order as the countries. Thus,
it was shown that the ten institutions that have published the most papers are, in order, Danmarks
Tekniske Universitet, Universita degli Studi di Trento, National University of Singapore, Tallinn
University of Technology, Cornell University, Instituto Politecnico do Porto, Delft University of
Technology, UC Berkeley, University of Electronic Science and Technology of China, and Tsinghua
University. It can be seen that two are from the USA and two are from China. Table 1 lists the main
institutions and their main keywords used.

Figure 5 shows the relationship between research in this area in different countries using the
VOSviewer software. In the network visualization of Figure 5, countries are represented by a circle.
The size of the label and the circle of an item is determined by the weight of the country. The higher the
weight of a country, the larger the circle and the label of the country. These clusters or communities are
shown in Table 2. There are six communities of scientific collaboration where, in principle, the apparent
lack of affinity between countries is striking, except in the case of community 3, which corresponds to
all European countries. The cluster name is selected by the country that has the greatest weight within
the cluster. Figure 5 shows the great centrality of the USA in this area, and although they belong to
other clusters, China and the UK also occupy important positions of centrality. The clusters are led
by Japan, Germany, Italy, UK, USA, and China, which, as can be seen, are the most industrialized
countries in the world, all of them belonging to the G8 countries except China. For example, in the
case of United Kingdom, the relationship is concentrated mainly with Canada, Iran, and Spain.
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Table 2. The detected clusters of countries related to research on smart contracts.

Cluster
Color

(Figure 5)
Main Countries

Main Country
(by Number of Publications)

1 Red Japan, Singapore, South Korea, Finland, India Japan
2 Green Australia, Austria, Germany, Russia, Switzerland Germany
3 Blue Denmark, Italy, Netherlands, Norway, Portugal Italy
4 Yellow Canada, Iran, Spain, UK UK
5 Purple Belgium, Malaysia, USA USA
6 Cyan China, Hong Kong, Sweden China

3.3. Main Areas of Knowledge and Keyword Analysis

The analysis of the keywords with which the works are indexed is one of the most relevant aspects
in bibliometric analysis [38,39]. If the results obtained are analyzed according to keywords, and a
cloud word is made with on-line software (see Figure 6) a strong relationship can be observed between
blockchain technology, smart grids (SGs), and smart energy grids, as well as virtual currencies or
electronic money (Ethereum, Electronic Money). It is worth highlighting the main areas of knowledge
in which research is being carried out.

Figure 6. the cloud of keywords used in the work on smart contracts.

Figure 7 groups the keywords by large areas of knowledge, according to the Scopus indexation
(subject area), and it can be seen that the first one, as was foreseeable, is computer science, followed
by engineering via the theme of intelligent networks. The following areas of knowledge are those of
energy and, later, of social sciences, among which the studies in law are framed. Indeed, if one looks at
the keywords most commonly used in each country’s publications (Table 3) one can see that blockchain
and smart grid dominate in almost all the major countries with scientific publications on this subject.

There are also two keywords that, a priori, could go unnoticed, commerce and smart cards,
which have a great relationship with the categories of social sciences and business, management, and
accounting. This is particularly evident in the analysis of smart contracts in their focus on brokering,
their transparent nature, the promise of greater commercial efficiency, lower legal and transaction costs,
and, above all, the apparent advantage of anonymous transactions [40].
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Figure 7. Thematic distribution of works related to smart contracts.

Table 3. Countries and their three main keywords related to smart contract.

Country N % 1º 2º 3º

United States 228 22.03 Blockchain Smart Grid/ Smart Power Grids Electronic Money
China 70 6.76 Blockchain Smart Power Grids Commerce

United Kingdom 61 5.89 Electronic Money Blockchain Commerce
Germany 55 5.31 Smart Power Grids Electric Power Transmission Networks Blockchain

Italy 55 5.31 Blockchain Smart Cards Commerce
Japan 36 3.48 Smart Power Grids Commerce Profitability/ Smart Grid
France 33 3.19 Automation Costs/ Economics Smart Cards
Canada 29 2.80 Blockchain Electric Power Transmission Networks Smart Power Grids

Netherlands 26 2.51 Commerce Blockchain Distributed Energy Resources
Australia 23 2.22 Blockchain Smart Cards Telephone Sets
Portugal 23 2.22 Smart Power Grids Energy Resources Smart Grid

Spain 22 2.13 Smart Power Grids Distributed Energy Resource Energy Resources
Denmark 20 1.93 Smart Power Grids Electric Power Transmission Networks Energy Resources

Switzerland 18 1.74 Blockchain Demand Response Smart Power Grids
South Korea 17 1.64 Smart Power Grids Computer Science Internet of Things

India 16 1.55 Computation Theory Decision Making Distributed Computer Systems
Iran 16 1.55 Smart Power Grids Commerce Costs

3.4. Community Detection: Analysis of the Interconnection Between Keywords

Considering a community as a system composed of multiple interdependent elements, with a
very wide range of relationships and intensities that are highly variable and dependent on each other,
we could accept, conceptually, that communities are made up of a highly cohesive central core and
peripheral spheres with unions increasingly weaker compared to the center. The central core would
be structured by the most significant elements of the community, in terms of granting a definable
individuality, representing the links between its constituents, and the strongest and most significant
elements within the entire community complex. Communities or clusters are usually groups that are
more likely to relate to each other than to members of other groups. When this analysis was completed
by collaboration between authors from different countries using what is known as community detection,
Figure 8 was obtained. An available online application, called VosViewer, which was developed
specifically for this type of analysis of scientific production, was used for this purpose [41].

Clusters, or communities in networks, are one of the most notorious aspects of leading bibliometric
studies [42]. These communities are groups that are more likely to be interconnected with each other
than with members of other groups [43]. By analyzing the keywords of all the works published on
smart contracts with the application calibrated for community detection, Figure 8 was obtained, in
which six clearly differentiated communities have been detected (Table 4).
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Figure 8. The relationship between keywords in the smart contract works.

Table 4. Detected clusters of keywords related to research on smart contracts.

Cluster
Color

(Figure 8)
Keywords Cluster Name %

1 Red
Smart cards, security data, smart phone, internet,
authentication, network security, internet of things,
laws and legislation

Smart cards 26.9

2 Green Contracts, computer software, project managements,
marketing, societies and institutions Contracts 23.6

3 Blue Smart power grids, electric power transmission
network, commerce, electric load management, costs Smart power grids 23.3

4 Yellow Blockchain, bitcoin, electronic money,
smart contracts, cryptography Blockchain 12.5

5 Purple Economics, human, organization and management,
decision making Economics 8.5

6 Cian Energy resources, distributed energy resources, virtual
power players, natural resources managements Energy 5.2

The largest volume is cluster 1 (red), which groups 26.9% of keywords. The main keyword is
smart cards, which has the highest density relationship with authentication and internet within its
cluster, as well as cryptography (cluster 4) and contract (cluster 2). The first works related to smart
cards from 1998 are mainly for use in electronic commerce [44].
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Cluster 2 (green), which groups 23.6% of keywords, is focused on contracts. Its clusters highlight
its relationship with laws and legislation and trade (marketing, purchasing, or project management).
The relationship with other clusters is mainly through economics (cluster 5), cost or sales (3), smart
cards (cluster 1), and blockchain (cluster 4).

Cluster 3 (blue) is focused on smart power grids. In general, one could say that this cluster is
fairly independent, since its main relationships are within its own cluster. Thus, its main relationships
are with electric power transmission networks, electric utilities, electricity market, commerce, electric
load, energy management, and wind power. With other clusters, its main links are through blockchain
and game theory (cluster 4), economics (cluster 3), and energy resources (cluster 6).

Cluster 4 (yellow) is mainly grouped around blockchain, which has the highest density relationship
with electronic money and bitcoin within its cluster. Blockchain is focused on programming and
cryptocurrency, such as Bitcoin. This is because cryptocurrencies and smart contracts are based on the
same technology (blockchain) [8]. Regarding the relationship with other clusters, we find a connection
mainly with commerce (cluster 3), economics (cluster 5), and security data (cluster 1).

Cluster 5 is grouped around economics, human, organization and management, or decision
making. The importance of this cluster is that although it is not particularly important in terms of
weight (8.5% of keywords), it is centered on the network, which shows that it is a link-point for all this
research. This result possibly suggests that, in the near future, smart contract applications will play an
important role in the different domains of modern organizations [45]. The other clusters highlight their
relationship with blockchain (cluster 4), contracts (cluster 2), and smart power grids (cluster 3). Within
its cluster, the main relationship is with terms based on the social economy, where key words such as
human, male, female, adult, investment, transparency, and decision-making stand out.

Based on the previous study of clustering of keywords by clusters, its temporal evolution can
be analyzed (Figure 9). It can be seen how clustering has temporarily evolved since smart cards and
contracts to mainly two lines—first, to electronic commerce or quality of service, and second, to costs;
from the first line (electronic commerce) to blockchain or network security and electronic money, and
from the second line to cost energy issues, mainly regarding smart power grids. This gives an idea
about the transition of the worldwide research in this topic.

There is no doubt that, despite the objections that can and must be made, bibliometric studies
facilitate the understanding of research activity in a given scientific field. In this research, it has been
observed from the analysis of keywords and the scientific communities that support them, that there
is not yet a community that dedicates itself to legislation and laws, despite being an essential aspect
of the subject in which it is concerned. However, it should be noted that bibliometric analyses are
generally valid in those areas in which scientific publications are an essential result of research. For this
reason, the validity of bibliometric analyses is of maximum relevance to the study of basic areas, where
scientific publications predominate, to a lesser extent in technological or applied areas, and to a much
lesser extent in the areas of social and legislation. Therefore, comparisons between thematic areas and
within these, scientific communities, should be made with caution, because the publication habits
and productivity of authors differ according to knowledge areas. This is the case of this study, where
differences were found between the areas of social sciences or business, management and accounting,
and those of computer science or engineering.

In the absence of a greater degree of maturity and extension of use, smart contracts raise several
issues from a legal standpoint. Our law does not contemplate them, nor do judicial precedents yet exist
to help in this regard. However, it must be made clear that general contract law does provide criteria
for verifying whether a smart contract can be legally valid and enforceable. The legal systems of our
environment recognize the autonomy of the parties to freely reach legally enforceable agreements and
contracts in the terms they consider, provided that the basic requirements of contract law are met, both
in content (being a legal object and not a contravention of mandatory legal rules, ensuring the existence
of valid consent of the parties, and obeying a legal cause) and in the manner of formalizing them.
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Figure 9. The relationship between keywords in smart contract works and its evolution.

4. Conclusions

This paper has analyzed the main trends in global research on intelligent contracts, highlighting
the main countries that have made a scientific effort in this area, in order of importance—the USA,
China, the United Kingdom, Germany, and Italy—and scientific collaboration between these countries
does not necessarily respond to obvious or expected trade relations. For example, in the case of Spain,
the relationship is concentrated mainly with Canada, Iran and the United Kingdom. The publication
of research, mainly in the form of communications in congresses, shows that intelligent contracts are
emerging technologies and still in the initial study phase, unlike other more established technologies
that do the same work in the form of articles or even books. In order of importance, the main
subject areas found were computer science, engineering, mathematics, energy, social sciences, business,
management, and accounting. In the absence of a greater degree of maturity and widespread use, smart
contracts raise several legal issues that need to be addressed. Consequently, this paper demonstrates
that the Social and Legal Sciences occupy the fifth position in the number of published papers,
clearly indicating that the technological aspect of this issue needs to be given a legal character, as its
implications and scope are of the utmost interest for the international scientific community. Therefore,
further legal progress must be made on the reality of this new form of contracts, especially to support
the two main lines towards which they have evolved—electronic money and energy costs.

Finally, the analysis of the themes of all these works, by means of the analysis of the keywords,
have shown that there are 6 clearly differentiated clusters around which all these works can be grouped.
Their temporal evolution shows a tendency towards two main lines of research—the electronic money
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(cryptocurrencies, or bitcoins) and the smart power grids and electricity market (electricity consumption,
electric industry). Given the growing scientific interest shown by the growing number of publications,
smart contracts can overcome the problems pointed out by many detractors, and they could be a driver
of sustainability. For environmental sustainability applications, smart contracts should pay particular
attention to small communities, since it has been observed that small communities are still poorly
covered by this particular technology, in spite of often being stewards of natural resources.

Author Contributions: E.S.-M. and F.M.-A. have contributed in the same way to the writing of this manuscript,
both authors have read and approved the final manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors of this manuscript wish to thank the CIAIMBITAL research center for its support
of this research.

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

References

1. Bagheri, P.; Hassan, K.H. Access to information and rights of withdrawal in internet contracts in Iran: The
legal challenges. Comput. Law Secur. Rev. 2015, 31, 90–98. [CrossRef]

2. Jackson, H.E. Variation in the intensity of financial regulation: Preliminary evidence and potential implications.
Yale J. Regul. 2007, 24, 253.

3. Burden, K. “Cloud bursts”: Emerging trends in contracting for Cloud services. Comput. Law Secur. Rev. 2014,
30, 196–198. [CrossRef]

4. Diamond, S.F.; Kuan, J.W. Are the stock markets “rigged”? An empirical analysis of regulatory change.
Int. Rev. Law Econ. 2018, 55, 33–40.

5. Salmerón, E. Necesaria regulación legal del Bitcoin en España. Rev. De Derecho Civ. 2017, 4, 293–297.
6. Kuo, T.T.; Kim, H.E.; Ohno-Machado, L. Blockchain distributed ledger technologies for biomedical and

health care applications. J. Am. Med. Inform. Assoc. 2017, 24, 1211–1220. [CrossRef]
7. Zheng, Z.; Xie, S.; Dai, H.N.; Chen, X.; Wang, H. Blockchain challenges and opportunities: A survey. Int. J.

Web Grid Serv. 2018, 14, 352–375. [CrossRef]
8. Christidis, K.; Devetsikiotis, M. Blockchains and smart contracts for the internet of things. IEEE Access 2016,

4, 2292–2303. [CrossRef]
9. Gatteschi, V.; Lamberti, F.; Demartini, C.; Pranteda, C.; Santamaría, V. Blockchain and Smart Contracts for

Insurance: Is the Technology Mature Enough? Future Internet 2018, 10, 20. [CrossRef]
10. Casado-Vara, R.; Prieto, J.; De la Prieta, F.; Corchado, J.M. How blockchain improves the supply chain: Case

study alimentary supply chain. Procedia Comput. Sci. 2018, 134, 393–398. [CrossRef]
11. Sicari, S.; Rizzardi, A.; Grieco, L.A.; Coen-Porisini, A. Security, privacy and trust in Internet of Things: The

road ahead. Comput. Netw. 2015, 76, 146–164. [CrossRef]
12. Lin, I.C.; Liao, T.C. A Survey of Blockchain Security Issues and Challenges. IJ Netw. Secur. 2017, 19, 653–659.
13. Briones, A.G.; Villaverde, D.V. Aspectos legales y riesgos emergentes en la utilización de Smart Contracts

basados en Blockchain. In FODERTICS 7.0: Estudios Sobre Derecho Digital; Fundación Dialnet: La Rioja, Spain,
2019; pp. 245–252.

14. Governatori, G.; Idelberger, F.; Milosevic, Z.; Riveret, R.; Sartor, G.; Xu, X. On legal contracts, imperative and
declarative smart contracts, and blockchain systems. Artif. Intell. Law 2018, 26, 377–409. [CrossRef]

15. Nikolic, I.; Kolluri, A.; Sergey, I.; Saxena, P.; Hobor, A. Finding the Greedy, Prodigal, and Suicidal Contracts
at Scale. 2018. Available online: https://arxiv.org/abs/1802.06038 (accessed on 15 January 2019).

16. Giancaspro, M. Is a ‘smart contract’really a smart idea? Insights from a legal perspective. Comput. Law
Secur. Rev. 2017, 33, 825–835. [CrossRef]

17. Luu, L.; Chu, D.H.; Olickel, H.; Saxena, P.; Hobor, A. Making smart contracts smarter. In Proceedings of the
2016 ACM SIGSAC Conference on Computer and Communications Security, Vienna, Austria, 26–28 October
2016; pp. 254–269.

18. Atzei, N.; Bartoletti, M.; Cimoli, T. A survey of attacks on ethereum smart contracts (sok). In Principles of
Security and Trust; Springer: Berlin/Heidelberg, Germany, 2017; pp. 164–186.

18



Sustainability 2019, 11, 3049

19. Mengelkamp, E.; Notheisen, B.; Beer, C.; Dauer, D.; Weinhardt, C. A blockchain-based smart grid: Towards
sustainable local energy markets. Comput. Sci. -Res. Dev. 2018, 33, 207–214. [CrossRef]

20. Saberi, S.; Kouhizadeh, M.; Sarkis, J.; Shen, L. Blockchain technology and its relationships to sustainable
supply chain management. Int. J. Prod. Res. 2019, 57, 2117–2135. [CrossRef]

21. Casino, F.; Dasaklis, T.K.; Patsakis, C. A systematic literature review of blockchain-based applications:
Current status, classification and open issues. Telemat. Inform. 2018, 36, 55–81. [CrossRef]

22. de Vries, A. Renewable Energy Will Not Solve Bitcoin’s Sustainability Problem. Joule 2019, 3, 893–898.
[CrossRef]

23. Higgins, S. European Insurance Firms Launch New Blockchain Consortium. Available online: http:
//www.coindesk.com/europe-insurance-blockchain-consortium/ (accessed on 11 November 2018).

24. Tian, F. An agri-food supply chain traceability system for China based on RFID & blockchain technology.
In Proceedings of the 13th IEEE International Conference on Service Systems and Service Management
(ICSSSM), Kunming, China, 24–26 June 2016; pp. 1–6.

25. Truby, J. Decarbonizing Bitcoin: Law and policy choices for reducing the energy consumption of Blockchain
technologies and digital currencies. Energy Res. Soc. Sci. 2018, 44, 399–410. [CrossRef]

26. Kshetri, N. 1 Blockchain’s roles in meeting key supply chain management objectives. Int. J. Inf. Manag. 2018,
39, 80–89. [CrossRef]

27. Casado-Vara, R.; González-Briones, A.; Prieto, J.; Corchado, J.M. Smart contract for monitoring and control
of logistics activities: Pharmaceutical utilities case study. In Proceedings of the 13th International Conference
on Soft Computing Models in Industrial and Environmental Applications, Donostia-San Sebastian, Spain,
6–8 June 2018; Springer: Cham, Switzerland, 2018; pp. 509–517.

28. Galvez, J.F.; Mejuto, J.C.; Simal-Gandara, J. Future challenges on the use of blockchain for food traceability
analysis. TrAC Trends Anal. Chem. 2018, 107, 222–232. [CrossRef]

29. Khezr, S.; Moniruzzaman, M.; Yassine, A.; Benlamri, R. Blockchain Technology in Healthcare: A Comprehensive
Review and Directions for Future Research. Appl. Sci. 2019, 9, 1736. [CrossRef]

30. Tapscott, D.; Tapscott, A. How blockchain will change organizations. MIT Sloan Manag. Rev. 2017, 58, 10.
31. Levy, K.E. Book-smart, not street-smart: Blockchain-based smart contracts and the social workings of law.

Engag. Sci. Technol. Soc. 2017, 3, 1–15. [CrossRef]
32. Gimenez, E.; Salinas, M.; Manzano-Agugliaro, F. Worldwide research on plant defense against biotic stresses

as improvement for sustainable agriculture. Sustainability 2018, 10, 391. [CrossRef]
33. Salmerón-Manzano, E.; Manzano-Agugliaro, F. The Higher Education Sustainability through Virtual

Laboratories: The Spanish University as Case of Study. Sustainability 2018, 10, 4040. [CrossRef]
34. Salmerón-Manzano, E.; Manzano-Agugliaro, F. Worldwide scientific production indexed by Scopus on

Labour Relations. Publications 2017, 5, 25. [CrossRef]
35. Gavel, Y.; Iselid, L. Web of Science and Scopus: A journal title overlap study. Online Inf. Rev. 2008, 32, 8–21.

[CrossRef]
36. Salmeron-Manzano, E.; Manzano-Agugliaro, F. The electric bicycle: Worldwide research trends. Energies

2018, 11, 1894. [CrossRef]
37. Tibaná-Herrera, G.; Fernández-Bajón, M.T.; De Moya-Anegón, F. Categorization of E-learning as an emerging

discipline in the world publication system: A bibliometric study in SCOPUS. Int. J. Educ. Technol. High. Educ.
2018, 15, 21. [CrossRef]

38. Garrido-Cardenas, J.A.; Mesa-Valle, C.; Manzano-Agugliaro, F. Human parasitology worldwide research.
Parasitology 2018, 145, 699–712. [CrossRef]

39. Garrido-Cardenas, J.A.; Manzano-Agugliaro, F.; Acien-Fernandez, F.G.; Molina-Grima, E. Microalgae research
worldwide. Algal Res. 2018, 35, 50–60. [CrossRef]

40. Turban, E.; McElroy, D. Using smart cards in electronic commerce. In Proceedings of the IEEE Hawaii
International Conference on System Sciences, Kohala Coast, HI, USA, 9 January 1998; Volume 4, pp. 62–69.

41. Van Eck, N.J.; Waltman, L. Software survey: VOSviewer, a computer program for bibliometric mapping.
Scientometrics 2010, 84, 523–538. [CrossRef] [PubMed]

42. Garrido-Cardenas, J.; Manzano-Agugliaro, F.; González-Cerón, L.; Gil-Montoya, F.; Alcayde-Garcia, A.;
Novas, N.; Mesa-Valle, C. The Identification of Scientific Communities and Their Approach to Worldwide
Malaria Research. Int. J. Environ. Res. Public Health 2018, 15, 2703. [CrossRef] [PubMed]

19



Sustainability 2019, 11, 3049

43. Chien, H.Y.; Jan, J.K.; Tseng, Y.M. An efficient and practical solution to remote authentication: Smart card.
Comput. Secur. 2002, 21, 372–375. [CrossRef]

44. Szabo, N. Formalizing and Securing Relationships on Public Networks. 1997. Available online: http:
//ojphi.org/ojs/index.php/fm/article/view/548/469 (accessed on 15 January 2019).

45. Udokwu, C.; Kormiltsyn, A.; Thangalimodzi, K.; Norta, A. The State of the Art for Blockchain-Enabled
Smart-Contract Applications in the Organization. In Proceedings of the 2018 2nd International Conference
on Communication and Network Technology, Chandigarh, India, 29–30 March 2018.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

20



sustainability

Article

Bibliometric Maps of BIM and BIM in Universities:
A Comparative Analysis

Mehdi Chihib 1, Esther Salmerón-Manzano 2, Nuria Novas 1 and

Francisco Manzano-Agugliaro 1,*

1 Department of Engineering, CEIA3, University of Almeria, 04120 Almeria, Spain
2 Faculty of Law, Universidad Internacional de La Rioja (UNIR), Av. de la Paz, 137, 26006 Logroño, Spain
* Correspondence: fmanzano@ual.es

Received: 27 May 2019; Accepted: 9 August 2019; Published: 14 August 2019

Abstract: Building Information Modeling (BIM) is increasingly important in the architecture and
engineering fields, and especially in the field of sustainability through the study of energy. This study
performs a bibliometric study analysis of BIM publications based on the Scopus database during
the whole period from 2003 to 2018. The aim was to establish a comparison of bibliometric maps of
the building information model and BIM in universities. The analyzed data included 4307 records
produced by a total of 10,636 distinct authors from 314 institutions. Engineering and computer science
were found to be the main scientific fields involved in BIM research. Architectural design are the
central theme keywords, followed by information theory and construction industry. The final stage
of the study focuses on the detection of clusters in which global research in this field is grouped.
The main clusters found were those related to the BIM cycle, including construction management,
documentation and analysis, architecture and design, construction/fabrication, and operation and
maintenance (related to energy or sustainability). However, the clusters of the last phases such as
demolition and renovation are not present, which indicates that this field suntil needs to be further
developed and researched. With regard to the evolution of research, it has been observed how
information technologies have been integrated over the entire spectrum of internet of things (IoT).
A final key factor in the implementation of the BIM is its inclusion in the curriculum of technical
careers related to areas of construction such as civil engineering or architecture.

Keywords: building information modeling (BIM); legal aspects; bibliometric; sustainability; clustering

1. Introduction

The growing requirements for establishing sophisticated buildings are making AEC (Architecture
Engineering and Construction) projects more complex, while technological advances are helping the
participants to collaborate more effectively during the construction process. In fact, the building
information model (BIM) provides an intelligent model-based process that connects AEC professionals
and helps them to design, build, and operate building infrastructure [1]. This tool allows professionals
to design 3D models that incorporate data associated with physical and operational properties,
which will help architects, engineers, and contractors to work on a coordinated digital model, giving
everyone a better insight into how their work fits in the overall project [2]. BIM systems encourage
greater cooperation between stakeholders through a unique integrated model during the design
and construction stages. Adopting BIM in the construction industry will lead eventually to a better
planning and preparation process by detecting conflicts between elements and improving coordination.
In addition, it will help reduce time costing errors and help decision makers to increase their efficiency
during the construction phase, and finally will help facilities management with future changes and
renovation work.
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BIM is the result of an international collaborative progress starting from Japan and moving to
Europe and all the way to Northern America, so the history of this concept is not attributed to one name
or one place alone. Although the BIM concept has existed since the 1970s, its development went through
many steps until this term was first used officially to identify this notion [3]. The first commercial
software known as computer-aided manufacturing (CAM) was developed by Dr. Patrick J. Hanratty
in 1957. This numerical control machining technology has progressed to become computer-aided
manufacturing [4]. Then, he immersed himself in computer-generated graphics and in 1961 developed
DAC (Design Automated by Computer), which became later the first system that used CAM/CAD
(Computer-Aided Manufacturing / Computer-Aided Design) interactive graphics [5]. The Augmenting
Human Intellect paper where the BIM foundation was first documented was published by Douglas C.
Englebart in 1962. With the incorporation of object-based systems, this BIM tool allowed architects
to introduce several features and specifications for a building. This new advance made the fusion of
parametric manipulation and a relational database possible and as a result the 2D illustration of the
current design was formed [6]. Afterwards, 3D representations were developed with the Building
Description System (BDS) illustrated by Charles Eastman et al. (1975). In their publication, they
describe a generic prototype of BDS and consider the perspectives of parametric design and 3D
representations with a “single integrated database for visual and quantitative analysis” [7].

After two years, the requirement to integrate building elements and monitor data accuracy was
considered, in order to be used as a tool for estimating structural design costs. The Graphic Language for
Interactive Design (GLIDE) tool was developed to implement this utility that allows for more reliable
and accurate designs. However, both BDS and GLIDE have limited themselves to including only the
design stage of the project, which would not allow the immersion of the different stages of the project
life cycle [8]. By the year 1984, personal computers began building modeling programs, which included
the first BIM (2D CAD) software used worldwide. However, this software wasn’t operational until 1986,
when Robert Aish used it in large and complex projects such as the renovation of the Heathrow airport
terminal [9]. In the 1990s, several companies began to develop BIM tools, such as the Lawrence Berkeley
National Laboratory [10]. Autodesk also began using the BIM concept in 2002 when it purchased the
Texan company Revit Technology Corporation [11]. The Graphisoft company created the teamwork
concept so that team members would be able to easily share BIM data with each other [12].

The complication of buildings and structures, increased construction and the imperative need
to reduce design time, the increase in international design cooperation, and other factors led to the
accelerated development of computer design tools.

By the early 2000s, objects and shapes have fully incorporated different type of data in the same
file, meaning the designer, contractors, engineers and the owner could all work collaboratively on one
centralized collaborative model. Objects and shapes had completely incorporated different types of
data into the same file, allowing the designer, contractors, engineers, and owner to work collaboratively
on a centralized collaboration model. BIM platforms such as the one shown in reference [13] have
been created to incorporate parametric flexibility and sculpture geometry that supports NURBS
(non-uniform rational B-spline) surfaces, and provides software that larger teams of architects and
engineers can use to collaborate on an integrated model based on using a coherent system rather than a
set of separate drawings. The new software works with all the information concerning the construction
project, while the 3D model can include architectural, structural, electrical, sanitary, plumbing, Heating,
Ventilating and Air Conditioning (HVAC) installation, and fire alarm system designs. All of these
layers are merged into a BIM file that can be accessed by project holders at any time and from any
location [13,14]. Advanced parametric techniques are then introduced into the BIM software [15],
which can process complex and contemporary architectural shapes, enabling designers to create curved
and complex architectural shapes. With the advancement of computational design technologies, more
unique building designs will be realized [16–21].

BIM 4D modeling is employed in combination with the Geographic information system (GIS) to
create a safe execution sequence of the process in order to enhance the visual tracking of construction
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supply chain management [22–24]. This can only prove that the BIM platform has a great potential to
integrate various innovative operations related to construction. However, to improve the monitoring
of the construction process [25,26], companies are using remote sensing technology to develop an
approach called defect management for automatic quality inspection.

In the last decade, BIM technologies have improved greatly with the help of information modeling,
meaning it is now possible to solve problems that were unimaginable years ago [27]. These technologies
have introduced designer supervision, construction cost planning, risk management, etc. State-of-the-art
architecture with unique structures and hazardous facilities, whose projects are subject to mandatory
government expertise, can be addressed without great difficulty with the help of these powerful tools [28].

Northern European countries such as Finland adopted BIM regulations, e.g., Common BIM
Requirement 2012 (COBIM). In 2016, the U.K became in the first country to legally mandat the use
of BIM [29] for public funded projects. Germany is mandating BIM for all transportation projects so
teams can collaborate and work in the same model [17,19], which will be useful in so many ways such
as dealing with predictive risks and maintenance, improving g timelines and cost savings, as well as
asset tracking and facilities management. Government agencies are using BIM software to plan and
operate diverse forms of physical infrastructure, such as public sanitation, communication utilities,
electricity grids, roads, bridges, and ports [3]. Several European and Asian countries, as well as
Australia, and the USA have demanded the use of BIM in projects or have published formal standards
of good practice [30]. A study at the Northumbria University campus used BIM to improve the
collection of data and its accessibility for facilities management [31]. The digital representation of
public infrastructure will not only help authorities to manage its current artworks but also will help
them to plan better for future projects to avoid interference and unpredicted modifications.

A BIM execution plan for project implementation would help to explain the details of the necessary
checklist and standards [32], such as ISO/TC 59/SC 13. These standards form the foundation for accurate
and efficient communication and commerce that are required by the off-site construction industry [33].
Regrettably, this is not usually part of the contract. As such, that Northumbria University campus study
had revealed insightful implications into significant legal aspects or contract provisions that need to
be included in BIM contracts [34]. As an example, in the literature, it is possible to find engineering,
procurement, and construction (EPC) contracting, which enables a contractor to be responsible for all
works associated with the design, procurement, erection, and testing of a facility [35]. It is possible to find
hydro-supported structures [36] being used as offshore wind turbines [37]. Some authors even propose the
application of blockchain or smart contract [38] technologies as a possibility for this type of contract [39,40].

With the growing awareness of society and its contribution to maintaining sustainable systems,
the construction industry has taken on this social concern and buildings are now designed with energy
efficiency in mind. For this purpose, BEM has been combined with BIM. With this combination,
the construction industry has the tools needed to solve problems related to the integrated energy
analysis of buildings [41,42]. Another objective is the promotion for the construction of green buildings,
the practice of building in a way that safeguards the natural environment [43].

Environmental sustainability concerns are frequently addressed as a complement to building
design by pursuing ad hoc approaches to project implementation [44]. As a consequence, the most
common problem in reaching a sustainable construction result is the lack of the right information at
the right time to make crucial judgments. Furthermore, the design of these high performing buildings
is a non-linear, complex, iterative, and multi-disciplinary process that requires efficient collaboration
between interdisciplinary teams from the first stages to achieve sustainable outcomes [45]. Construction
practitioners make extensive use of performance analysis tools to predict and quantify sustainability
issues from the earliest stages of design and significantly improve quality and cost over the life cycle of a
building [45]. There are very extensive and recent review studies on BIM and sustainability [46], noting
that little work has been conducted about how it could be applied in refurbishment and demolition;
but highlighting that BIM can improve social sustainability in two main areas: BIM provides a better
facility design for a society’s high standard of living. BIM transforms conventional practice, which is
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often highly fragmented, into a better collaborative effort that strengthens the working relationships
among project participants. And this review [46] concludes that future policies of BIM for sustainability
should consider improving the interoperability issue among BIM software and energy-simulation tools.

From an engineering point of view, it is important to reflect the complexity of new ways of
working. This mixed set of knowledge, skills, and attitudes is essential to strengthen productivity,
entrepreneurship, and the pursuit of excellent performance in an environment increasingly based on
technologically advanced and sustainable outcomes [47]. A clear example of this involves developing
effective measures using a “project-based learning” technique to improve student learning outcomes
for the implementation of BIM in the area of sustainability [48]. Therefore, innovative concepts such as
sustainability, green concepts, planning processes, or project execution are key aspects to evaluate the
key benefits of BIM, and these concepts should be integrated in order to advance their curricula [49].

In this study, there are two objectives. to the first is analyze the background of the whole work
published in relation to the BIM subject as bibliometric maps of this subject, and to see which clusters this
scientific field is grouped around. And the second objective, given the importance it has for sustainability,
is to determine which works of BIM are used in universities to contribute to their sustainability.

The previous published studies of bibliometric analysis on BIM focus on very specific aspects.
For example, a study by Badrinath et al. (2016) [33] focuses on how the BIM is taught and then
used for communication and visualization. That study was based on the bibliometric analysis of 445
BIM articles, but above all it was based on double keywords not covering the whole subject, these
keywords were: “academic BIM education”, “BIM curriculum”, and “BIM course”. Although the work
is interesting, it is focused on a very specific area, which is academic BIM education. It was concluded
that the case studies and experiences were the dominant type of publication.

In the literature there are other works focused on bibliometric studies of the BIM, but all of them
make a subjective classification, and are based on databases other than those used of this study, for
example in the WoS™ Core Collection [50] or Web of Science [51]. And although some of them open
an important temporal window, from 1990 to 2016 only 567 publications appeared, and the ones which
analyzed the relevant topic only numbered 445 [52].

Through Scopus, it is possible to find some bibliometric work but in a very short period of
time (2006–2016) [53]. Although it uses community or cluster detection, it found only 4 clusters for
1031 available studies, it is notable that this work was looking for the specific topic of BIM-based
Construction Networks (BbCNs). On the subject of the research, it was discovered that collaboration
was a concept researched in isolation and without strong connections to other key areas of BIM research.
Other works based on Scopus are state of the art revision works [54], and the database was therefore
not used only to have a list of published works, but also to develop a bibliometric analysis. However,
Scopus covers a wider range of journals in the area of construction project management than the WoS
and contains more recent publications than other databases [55].

2. Research Methodology

The flowchart of the research methodology is shown in Figure 1. In this study, all the publications
(4307) were collected from Elsevier Scopus database. This platform is useful for bibliometric studies
because it allows you to download massive information for numerous bibliometric analysis. The search
was conducted in March 2019 to extract research publications that include the following citations
“BIM” or “BIM in University” and “Building Information Model” or “Building Information Model
in University “in the title, abstract and/or keywords within the period (2003–2018). The following
search queries were used: (TITLE-ABS-KEY ({BIM} OR {Building Information Model}), and another
one specific for plant: (TITLE-ABS-KEY ({BIM} OR {Building Information Model} AND{Universit*}).
Thus, in the first query all the published works on BIM have been found, and the second query acts as a
filter on the first, where only those works that deal with the subject of the university remain. It should
be noted that the subject categories are the result of the Scopus indexation.
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Figure 1. Flowchart of the information search and analysis.

2.1. Data Collection

The main query provides information such as the source of publications according to their authors,
institutions, as well as their geographic locations. The publications acquired have been classified
based on the following characteristics: the number of publications per year, distribution by subject
area, document category, institution, and by country. The word frequency analysis is carried out to
reflect the research field, and the core subject of BIM literature keywords are extracted and collected by
filtering the main query. The records were consecutively processed using excel sheets, as well as the
generation of the result corresponding graphics.

2.2. Community Detection

Community detection is a procedure that identifies geographic locations, trends, and other
parameters of a large group of elements that interact with each other. This relationship between
elements could vary in intensity that transcribes their dependency on each other. These multiple
interdependent nodes evolve around one central core that is highly cohesive, while the density of
interactivities decreases as we go far from the center. This structure is called a cluster, and the union
of multiple clusters form from a complex network, which usually comes out in the form of a neural
network. In this work we have proceeded by using Sw VOSviewer to detect the network community.
This tool illustrates the most significant clusters based on the hierarchical connectivity algorithms [37].
This community detection software, VOSviewer, is free software available online that allows the direct
import of data in the csv format exported from Scopus and also allows the figures to be exported to a
large range of graphical formats. The VOSviewer delivers three displays: network visualization as
clusters, overlay visualization as temporal evolution, and density visualization. In all of these cases,
the parameters chosen for the analysis were: normalization method (association strength), layout
(attraction 2, repulsion 0), clustering (resolution 1.00, minimum cluster size 1), and rotate (90 degrees).

3. Results and Discussion

3.1. Evolution of the Number of Publication Over the Years

We can observe in Figure 2 that the evolution of BIM in university publications is relatively weak
compared to BIM global, which has a parabolic pattern over the period studied. The figure also shows
that scientific production started to increase substantially since 2007. The total number of BIM and
BIM in university publications are 4307 and 274, respectively (3.36%).
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Figure 2. Evolution of the scientific production of BIM (2003–2018).

3.2. Distribution of Output in Subject Categories

Based on the Scopus classification, the distribution of publications on BIM research fields covered
a total of 22 subject areas, see Figure 3. The largest number of documents corresponds to engineering
(3234 records, 44%), computer science (1423 records, 20%), and business management and accounting
(494 records, 7%) while the fourth largest number is for social sciences (389 records, 5%), the fifth is for
mathematics (341 records, 5%) and the sixth is for environmental sciences (250 records, 3%). It is worth
mentioning that a document can be related to more than one field of research at the same time. These
six areas count for about 85% of all publications (Figure 3). The distribution of publications on BIM
in the university research area reduced the number of subject areas, enclosing only 18 subject areas.
The four first areas were the same as those showed by the global BIM research field. The first highest
area according to number of publications was engineering (218 records, 43%), computer science was
the second highest area (68 records, 13%), business management and accounting was the third highest
(52 records, 10%), and social science was the fourth highest (48 records, 10%). Arts and humanities were
in the fifth position (22 records, 4%), while energy accounted for the sixth position (17 records, 3%).
BIM studies are mainly focusing on engineering and computer science, which involves architecture,
mechanical structure design, and construction. It can be concluded that they are essentially the same
categories that are given significance in both cases.

Figure 3. Distribution (%) of worldwide research of BIM and BIM in universities by subject area.
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3.3. Types of Publications

The most common means used in scientific diffusion are journal articles. However, in the case of
BIM, conference papers are the type of publication that counts for the biggest share with 49%, followed
by scientific articles with 41% and articles in review with 3%, followed by books and book chapters
with 3%. Figure 4 shows the percentage of the types of scientific production distributed on the building
information model theme.

Figure 4. Distribution by publication type related respectively for global BIM and BIM in universities.

Regarding BIM in universities, scientific articles are the type of publication that counts for the
largest share of BIM in university publications with 51%, followed by conference papers with 40%,
articles in review with 3%, while books and book chapters had 2%. Figure 4 shows the percentages of
the types of scientific production distributed on BIM in universities. It is remarkable that in the case of
the universities the topic of BIM is predominant in the articles, while for BIM in general the topic is
predominant in the conference papers. In general, the higher the percentage of conferences, the more
novel the topic is. And when the percentage of books and book chapters is high, this indicates a topic
that is scientifically established. BIM is therefore shown to be very novel, given the large percentage of
conference paper in both cases.

3.4. Distribution by Countries and Institutions

If the distribution by country of the publications in BIM is represented (see Figure 5), it can be
seen that the 10 highest countries are: the United States (20%), the United Kingdom (10%), China (9%),
Australia (6%), South Korea (6%), Germany (5%), Canada (4%), Malaysia (3%), Italy (3%), and Taiwan
(3%). It can be seen that almost 40% of publications are grouped in the first three countries.

BIM research has been produced in more than 160 institutions. Table 1 shows the top 20 the
most productive institutions, with more than 4307 publications covering the BIM concept in the
period studied. The first sixteen institutions (10% of total institutions) are from the USA, Australia,
the UK, South Korea, China, Italy, Malaysia, Israel, and Germany. They are represented by the
following affiliations: the Georgia Institute of technology (USA), Curtin University (UK), University of
Florida (USA), University of Salford (UK), Kyung Hee University (South Korea), Pennsylvania State
(USA), Hong Kong Polytechnic University (China), Politecnico di Milano (Italy), University Tongji
University (China), Hanyang University (South Korea), Universiti Teknologi Malaysia (Malaysia),
Cardiff University (UK), University College London (UK), Tsinghua University (China), Israel Institute
of Technology (Israel), and the Technical University of Munich (Germany). Universities from the
USA have the most representations with 988 publications, UK has the second highest production
with 518 records, while China has the third highest rank with 460 publications. BIM in university
publications have been produced in the same number of institutions as the global BIM.
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Figure 5. Distribution by countries of BIM publications.

Table 1. Classification of research institutions by record and countries.

BIM BIM in University

Affiliation Country N Affiliation Country N

Georgia Institute of Technology USA 101 Pennsylvania State University USA 9
Curtin University UK 98 Hong Kong Polytechnic University China 9

University of Florida USA 93 Tsinghua University China 8
University of Salford UK 68 Arizona State University USA 6

Kyung Hee University South Korea 56 Ceské vysoké ucení technické v Praze Czech The Czech
Republic 5

Pennsylvania State University USA 55 National Taipei University of
Technology China 4

Hong Kong Polytechnic University China 54 University of Southern California USA 4

Politecnico di Milano Italy 49 Vilniaus Gedimino technikos
universitetas Lithuania 4

Tongji University China 49 Universidade de Lisboa Portugal 4
Hanyang University South Korea 48 Helsingin Yliopisto Sweden 3

Universiti Teknologi Malaysia Malaysia 47 University of Texas at San Antonio USA 3
Cardiff University UK 46 National Taiwan University Taiwan 3

UCL (University College London) UK 43 University of Salford UK 3
Tsinghua University China 43 University of Wyoming USA 3

Technion—Israel Institute of
Technology Israel 42 Universitat d’Alacant Spain 3

Technical University of Munich Germany 41 International University of Florida USA 3

However, the BIM in university research area had more than 274 publications in the studied
period, although this number remains small in comparison to BIM global. The sixteen most productive
institutions (10% of total institutions) have been developed in the following countries: the USA,
the Czech Republic, the UK, China, Lithuania, Spain, Portugal, and Sweden, all of which are represented
by the following universities: Pennsylvania State University (USA), Hong Kong Polytechnic University
(China), Tsinghua University (China), Arizona State University (USA), Ceské vysoké Ucení technické v
Praze (Czech Republic), National Taipei University of Technology (China), University of Southern
California (USA), Vilniaus Gedimino technikos Universitetas (Lithuania), Universidade de Lisboa
(Portugal), Helsingin Yliopisto (Sweden), University of Texas at San Antonio (U.S.A), National Taiwan
University (Taiwan), University of Salford (UK), University of Wyoming (USA), Universitat d’Alacant
(Spain), and the Florida International University (USA). Institutions from the USA are the most highly
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represented with 79 publications, the second country had 28 publications, while Chinese universities
had the third rank with 18 publications.

3.5. Relationships between Countries

Figure 6 shows the labeled clusters with the relationships between the countries of the various
publications. This is generally determined by the co-authorship of articles, i.e., authors from different
countries who wrote the same article. Each element represents a country and the size of these elements
is determined by the total number of publications of this country. The network counts 10 communities,
their rank order respectively is the USA, the UK, China, Australia, Germany, South Korea, Italy, Spain,
Finland, and Taiwan. It is observed that in the clusters of these countries, there is a major correlation
with nearby or neighboring countries, which is not frequently found in scientific subjects. Examples of
this include the USA with Canada, China with Hong Kong, Germany with Austria or Switzerland, the
UK with Ireland, Finland with Norway, or the Czech Republic with Poland.

The countries that are in the middle of the cluster are the ones who are linked with the most nodes.
Language plays a key role in the interconnections between countries. The largest community is the one
that evolves around the USA. These publications are written mostly in English in more than 92% of
cases, although the Chinese language has also appeared in 5.5% of publications since 2006, while other
languages numbered less than 1% and included Japanese, Dutch, German, Polish, Russian, Spanish,
and French.

Figure 6. Countries network of BIM publications.

3.6. Keyword Analysis

The keywords analysis identifies the common interests of the researchers and their work. In this
section we analyze the keywords acquired from the main query as well as their frequency of appearance
in every article during the period studied. If the main keywords associated with the theme of the
global BIM are analyzed, those of Table 2 are obtained, where the 15 main keywords have been selected.
The words of the search itself, such as BIM or Building Information Modeling or Building Information
Modelling, have not been taken into account (since it is written in both forms almost equally frequently).
It is noted that the general main search keywords are also the first keywords of the particular search in
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universities. However, in the latter case there are, as expected, issues related to teaching: Students,
Curricula, Teaching, Education, or Engineering Education.

Table 2. Main keywords related with both queries.

BIM N BIM in Universities N

Architectural Design 3075 Architectural Design 168
Information Theory 1295 Information Theory 66

Construction Industry 935 Construction Industry 41
Buildings 671 Students 40

Construction 642 Buildings 39
Project Management 602 Curricula 38

Information Management 458 Project Management 37
Structural Design 458 Teaching 37

Life Cycle 377 Construction 35
Construction Projects 354 Education 35

Sustainable Development 291 College Buildings 34
Office Buildings 279 Information Management 30

Design 255 Engineering Education 27
Computer Aided Design 239 Surveys 20

Decision Making 224 Life Cycle 19

The more interesting data are the keywords College Buildings, which show that BIM is starting to
also be applied for the construction of university buildings, while global BIM is mainly focused on
office buildings. If a visual representation is made with clouds of the keywords, then Figure 7; Figure 8
are obtained. These figures show where a particular study has to be done for automation, sustainable
development, or industry foundation classes (IFC).

Figure 7. Word cloud of keywords related to BIM (global query).
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Figure 8. Word cloud of keywords related to BIM in universities.

Figure 9 shows the evolution of the following keywords: automation, sustainable development,
and IFC. The three-keyword records were correlated during the greater part of the period studied.
In addition, automation and sustainable development had approximately the same level of variance in
the same value until 2013, when the gap started to grow wider between them. The automation record
continued to increase remarkably until it reached 94 records in 2018. IFC had been scoring a lower
score than sustainable development until the year 2018, when IFC obtained 53 records and sustainable
development obtained 33 records.

Figure 9. Countries network of BIM publishers and their community detection.

The major topics in Table 3 and Figure 10 constitute the structure of BIM. Management is the first
topic that most relevant keywords evolve around, while the technology of BIM plays a crucial role in
improving the interaction between different contributors and the ways in which they manage various
aspects of the project development and BIM implementation during the building life cycle.
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Table 3. Main keywords used by the communities detected in the topic BIM.

Cluster Color Main Keywords Topic

1 Red Construction management —Collaboration –Information
technology—Bim adoption

Construction
management

2 Green Interoperability-Facility management—Industry
foundation classes —Internet of Things

Documentation and
Analysis

3 Blue Architecture—Virtual Reality—Education—GIS Architecture and Design

4 Orange Lean construction—Implementation—Adoption
—Benefits Construction/Fabrication

5 Yellow
Energy efficiency—sustainable design—Leadership in

Energy and Environmental Design—energy
simulation—Building performance

Operation and
maintenance

Figure 10 illustrates numerous keyword clusters in the form of a neural network with different
colors, where the co-occurrence of keywords occurs at least 5 times. Each node is a keyword, and
the link thickness between nodes represents the degree of connection. The BIM keywords analysis
has identified six communities using a community detection algorithm and Table 2 shows their main
clusters by their order of importance. The most significant clusters besides building information
model are construction, interoperability, virtual reality, architecture, collaboration and construction
management, visualization, and automation. These communities provide a general indication of the
fields that are related to BIM, which are diverse and technology oriented.

Figure 10. Keywords co-occurrence network related to BIM worldwide.
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Analyzing the first cluster, in red in Figure 11, where only keywords with a minimum of 15
co-occurrences have been highlighted, it can be seen that it is related to construction management,
collaboration, information technology, and BIM adoption. This shows that BIM is not only useful for
geometric modeling of a building’s performance but can also assist in the management of construction
projects [56]. Some works highlight the synergy between facility management and BIM as a basis for
multidisciplinary collaboration [57]. Within this community or cluster, the information technology
that is developing object-oriented Computer Aided Design (CAD) tools compatible with BIM can be
found, such as analysis tools, model verifiers, and facility management applications [58]. It should
be remembered that the main difference between BIM technology and conventional 3D CAD is that
the latter describes a building through independent 3D views, such as plans, while BIM uses all
the information related to the building, including its physical and functional characteristics and
information about the project life cycle, in a series of “smart objects” [59].

The second cluster, in green in Figure 12, where only keywords with a minimum of 15
co-occurrences have been highlighted, is shown to be associated with interoperability, facility
management, industry foundation classes, and IoT. BIM is an expansive area of knowledge inside the
architecture, engineering and construction industry [60]. An example of this is building automation,
e.g., for on-site assembly services in prefabricated buildings with IoT, where the IoT-enabled platform
can provide various decision support tools and services to different stakeholders [61]. As an example of
industry foundation classes, it is possible to find works where various standards have been published,
leading up to the 10-year development of industry foundation classes [62].

The cluster related to architecture, cluster 3 with the color blue in Figure 13, where only keywords
with a minimum of 15 co-occurrences have been highlighted, has architecture; virtual reality, education,
and GIS as the main related keywords. BIM offers the potential to achieve a lower project cost,
increase productivity and quality, and reduce project turnaround time [58]. There are several great
examples in the literature of the integration of architecture and GIS showing benefits such as reusability
and extensibility [63]. Virtual reality is relevant because it allows us to make a 3D reconstruction
of architecture appearance [64]. Both areas are very important in teaching, e.g., for the teaching of
architecture through augmented reality [65,66].

The orange cluster four in Figure 14, is mainly related to the keyword’s lean construction,
implementation, and adoption benefits, cost/benefit analysis, awareness raising, and education and
training, all of which are important activities to address the challenges of BIM usage. From the analysis
of numerous works related to BIM, it was inferred that the benefit of BIM most frequently relates to
cost reduction and control throughout the project life cycle, but significant time savings were also
reported. The costs of BIM focused primarily on the use of BIM software [67]. Of course, the benefits
are proportional to the form of implementation of the BIM [68].

The last cluster, in yellow in Figure 15, where only keywords with a minimum of 15 co-occurrences
have been highlighted, focuses on the keywords: Energy efficiency, sustainable design, leadership
in energy, environmental Design, energy simulation, and building performance. For a sustainable
building, the use of its energy always involves customers and designers [69]. This includes important
aspects of environmental design, e.g., to determine what the forecast CO2 emissions are from the
building and whether it will meet the performance criteria [70]. It should be noted that retrofitting
of existing buildings offers significant opportunities for reducing global energy consumption and
greenhouse gas emissions [71,72]. Therefore, a model based on BIM that can enhance the post-occupancy
assessment processes and meet the industry standards for sustainable buildings would be useful.
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Figure 11. Keywords co-occurrence for cluster 1 (Construction management).

Figure 12. Keywords co-occurrence for cluster 2 (Documentation and Analysis).
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Figure 13. Keywords co-occurrence for cluster 3 (Architecture and Design).

 

Figure 14. Keywords co-occurrence for cluster 4 (Construction / Fabrication).
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Figure 15. Keywords co-occurrence for cluster 5 (Operation and maintenance).

Figure 16. Evolution BIM research (2014–2017).
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The network analysis illustrates the evolution of BIM within the period from 2014 to 2017
(Figure 16). It shows that all the major clusters spread from the central communities that represent
BIM in different designations, while this analysis also reveals the structure of the current network and
the composition of the future trends.

Of the whole studied period of BIM research, i.e., from 2003 to 2018, the period with the highest
rate of evolution in BIM research found is from 2014 to 2017. In those years, the keywords were
(indicated by purple in the year 2014): cad, parametric design, information technology, built heritage or
integrated project delivery. In the years 2015–2016 (indicated in green) the main keywords were: lean
construction, GIS, facility management, energy efficiency, or sustainability. The end of the evolution
period (yellow, the year 2017) is shown by frequent keywords used: social network analysis, IoT, safety,
SMES as the acronym for Small and Medium-sized Enterprises, and higher education. This evolution
shows how information concepts and technologies have been incorporated into the research of the
BIM as the IoT, obtaining importance in the curricula of students of higher education in careers such as
engineering and architecture as a key factor for BIM implementation [73–75].

4. Discussion

Countries like China, the UK, Canada, South Korea, Germany, the USA, Australia and Italy are
among the top publishers of both BIM global and BIM in universities. The geographic location plays a
major role in the composition of most of the clusters. The UK’s cluster is larger than more than six
countries outside of the European continent combined. In addition, China is the leader in research
about BIM within the Asian continent. The collaborating work of authors shapes the bibliometric
map of BIM through numerous parameters, while citation network analysis of the cited references
indicates a wide range of subjects in this field of research such as computer science, engineering,
business, management and accounting. These different subjects show the diversity of this research
area. The keywords analysis provided a list of diverse words related to themes like architectural
design, construction management, interoperability, lean construction, virtual reality, visualization,
robotics and sustainability development. The extensive amount of data that is generated to improve the
facilities management requires multidisciplinary applications of BIM. Therefore, the use of advanced
technology is emerging in order to be able to respond properly to market challenges. BIM applications
are moving towards IoT, safety, digitalization, smart building, social network analysis, and point
cloud. Thus, automation will play a significant role either in providing a highly accurate 3D model
for the existing buildings, or in providing a system that measures, collects, and analyzes data of the
key performance metrics based on the IoT concept. Furthermore, a digitally empowered framework
will enable the decentralization of facilities management for single or multiple buildings [20,21],
and could provide a finished product to end-users for cognitive building operation. In term of
safety, professionals and researchers are working to develop an approach to integrate the risk factor
in building an information model. The tool will be able to detect and quantify automatically any
potential risk within the construction site and the life cycle of the project [17,19,26]. Several studies
have applied social network analysis (SNA) to investigate major risks related to the act of building and
to identify the network structure of all the contributor relationships [26]. Other research suggests using
risk factors integration from an online application called the Safety in Design Risk Evaluator, which
measures risks at the item-level in multistory buildings with a 4D building information model and a
construction timetable [31]. Therefore, BIM trends as many other concepts are mainly heading towards
the adoption of digital technologies, big data, IoT, smart models, and machine learning. The expertise
areas extracted from the co-occurrence network include interoperability, IFC, lean construction, BIM
implementation, energy efficiency and BIM education. Most of these fields are technology based,
which has led to a fast-growing knowledge of BIM and its sub-areas that we can see in the evolution
pattern. Therefore, BIM education should be constantly upgraded to deliver a valuable knowledge of
this dynamic platform.
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BIM should be understood as cycle where are all the phases related to the building industry.
These phases are: programming, conceptual design, analysis, documentation, fabrication, construction,
construction logistics or management, operation and maintenance, demolition, and renovation.
The clusters obtained in the previous section reflect almost all of these phases of the BIM, but the
cluster of demolition and renovation are missing. This gap in BIM research is already pointed out by
some recent works [76]. This shows that these two fields of research within the BIM; although they are
currently not fully developed.

5. Conclusions

This bibliometric approach can meaningfully contribute to the ongoing manual review of BIM.
Conference papers are the main source of scientific publications, followed by scientific article and
reviews. Experts and researchers mostly contribute to expanding BIM literature through these
channels, and the rest are published through book chapters, conference reviews and article publications.
The scientific contribution in this study refers to 4307 articles associated with BIM, where only 6.4% of
these articles related are to BIM in universities and 46% is published in just three countries, which
are the USA, UK, and China. The bibliographic records provide users with necessary data about the
affiliation of different articles. Furthermore, four out of sixteen universities are present for both of
the research topics BIM and BIM in universities. Georgia Institute of Technology and Pennsylvania
State University are the leaders in this emerging area of research. It is also observed that the countries
that made the usage of BIM mandatory in the regulation of construction are the ones which have the
most interest in researching and developing this concept. The five clusters obtained in BIM research
are those of the cycle in which all phases related to the construction industry are found: construction
management, documentation and analysis, architecture and design, construction / fabrication, and
operation and maintenance (related to energy or sustainability). However, the clusters of the last
phases such as demolition and renovation are not present, which indicates a field that still needs to
be developed and researched. With regard to the evolution of research, it has been observed how
information technologies have been integrated with IoT. Finally, a key factor in the implementation
of the BIM is its inclusion in the curriculum of technical careers related to construction such as civil
engineering or architecture. Therefore, in order to remain up to date and meaningful, education in
construction needs to take advantage of the opportunities and overcome the challenges presented by
BIM. This bibliometric analysis provides a general overview of the subject in order to concentrate on
the strategies that are still relevant and to open up promising new lines of research. This work opens
new perspectives for the use of the BIM in universities, which has been found to be less extensively
covered than BIM at a global level.
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Abstract: The population growth demands a greater generation of energy, an alternative is the use of
small wind turbines, however, obtaining maximum wind power becomes the main challenge when
there are drastic changes in wind speed. The angle of the blades rotates around its longitudinal
axis to control the effect of the wind on the rotation of the turbine, a proportional-integral controller
(PI) for this angle achieves stability and precision in a stable state but is not functional with severe
alterations in wind speed, a different response time is necessary in both cases. This article proposes a
novel pitch angle controller based on auto-tuning of PI gains, for which it uses a teaching–learning
based optimization (TLBO) algorithm. The wind speed and the value of the magnitude of the change
are used by the algorithm to determine the appropriate PI gains at different wind speeds, so it can
adapt to any sudden change in wind speed. The effectiveness of the proposed method is verified by
experimental results for a 14 KW permanent magnet synchronous generator (PMSG) wind turbine
located at the Universidad Autónoma de Querétaro (UAQ), Mexico.

Keywords: sustainability; renewable energy; wind turbine; pitch control; electric
generation; universities

1. Introduction

Electricity is indispensable for the growth of a country, so it is essential to increase energy
generation and meet the growing demand. Generating energy by traditional means such as petroleum
products compromises the ecological balance of future generations. To take advantage of the natural
resources that exist locally is to offer the population economic growth possibilities, wind energy is
an alternative, using the force of the wind to convert it into electricity through a wind turbine [1].
Globally, wind energy has been booming, the Global Wind Energy Council (GWEC) in February 2018
reported that in 2017, more than 54 GW of wind energy were installed in more than 90 countries,
nine of them with more than 10,000 MW installed and 29 that have now exceeded 1000 MW, increasing
the accumulated capacity to 486.8 GW, 12.6% more than in 2016 [2]. In Mexico, the wind resource is
currently being investigated [3], wind infrastructure has grown 300% in the last six years, the Asociación
Mexicana de Energía Eólica (AMDEE) estimates that in 2024, 10,000 MW [4] will be reached and
predicted that by 2031 14,000 MW [5] will be generated. The city of Querétaro has considerable wind
potential [6], with an average annual wind speed of 7.3 m/s, NE/SW direction with a probability of the
presence of 26% that defines it as a viable candidate for the incorporation of small wind turbines [7].
The Universidad Autónoma de Querétaro (UAQ) is working on the technological development of
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wind turbines with the design of its blades and the control of its systems, by now, three 14 KW wind
turbines with two and three blades have been installed [8].

The amount of energy that can be obtained from a wind turbine is a function of the size of the
rotor. The greater the length of the blades, the more energy is produced, so the capacity and size of
wind turbines have increased exponentially in the last decade. The commonly used wind turbine has a
diameter of 125 m sweeping area capable of producing up to 7.5 MW [9]. However, since 2016, it is
more common to see wind turbines with a nominal power of 9.5 MW [10]. The V164-10 model capable
of generating up to 10 MW is available for sale now and can be delivered for commercial installation
until 2021 [11].

Technological advances in wind power generation systems focus on increasing the size of the rotor,
which requires large plains, with a considerable wind resource. However, in complex terrain with
hills, trees or buildings, where the wind resource is smaller, the installation of “small wind turbines” is
necessary [12]. The international standard IEC 61400-1: 2014 defines “small wind turbines” those with
an area of the rotor sweep less than or equal to 200 m2 and a generation voltage less than 1000 V AC or
1500 V DC for both on-grid and off-grid applications [13].

The problem of installing wind turbines in this type of places is the randomness of the wind,
it is necessary to use turbines that operate with different speeds to take full advantage of this natural
resource, so it follows that for each wind speed there is an ideal rotation speed. This is called the
optimum tip speed ratio (TSR), and it is different for each wind turbine according to its size and
aerodynamic model [14]. The angle of inclination of the blade should be controlled in a wind turbine
to maximize energy production, regulate the speed of rotation of the rotor, mitigate dynamic loads and
ensure a continuous supply of energy to the network [15].

The pitch angle controller is based on rotating the blades simultaneously, with an independent
or shared actuator. The angle used with the wind speed below the nominal value is zero, and then
the angle increases when the wind speed is greater than the nominal speed [16]. The control method
for the classic pitch angle is the PI [17,18]. The control strategy works correctly when the dynamics
of the system is stable, however, the sensitivity of the generator’s rotation speed to the pitch angle
varies differently. If the wind speed is close to the nominal speed, the sensitivity of the generator shaft
speed to the pitch angle is very small. Therefore, a higher response speed is required than at higher
wind speeds, where a small change in the angle can have a large effect on the speed of the generator
shaft. Nonlinear variation of the pitch angle versus wind speed implies the need for non-linear control,
which means a constant change in the response speed of the controller according to the wind speed
and the value of the change in the speed of the wind [19].

A literature review was carried out and it was found that there are different authors who have
worked to solve the problem of nonlinearity for pitch control in a wind turbine [20]. In [21–23] a
fuzzy logic control (FLC) was combined with proportional-integral-derivative control (PID), FLC is
the means to change previously calculated PID gains according to the process variable error, if the
error is negative or positive or if the measured value greatly exceeds. In [24], a control method based
on an artificial neural networks (ANN) adapter was presented in which the parameters of the PID
neural network were automatically regulated. The improved gradient descent method was used
to optimize the weights of the networks and to avoid the weights of the neural network. In [25],
a PID control model was designed, a gain programming procedure was planned using differential
evolution optimization algorithm to apply to the appropriate controller as the operating point changes.
In [17,26], the authors used a PI controller, however, the proportional gain Kp and the integral gain Ki
were adjusted through the particle swarm optimization algorithm. In [27], a pitch controller based
on the moth-flame optimization algorithm was proposed, the candidate solutions were moths and
the PID parameters were the position of the moths in the search space. Therefore, moths can fly in a
3D space that represents the three parameters of the controller Kp, Ki, and Kd with the change of their
position vectors.
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In this document, we propose a PI controller, an optimization algorithm based on teaching–learning
was developed that calculates the optimal gains for any change in wind speed. PI controller uses the
error value between the measured speed of the generator shaft and the optimum value according to
the wind speed, to determine the reference value of the inclination angle. The wind speed and the
value of the magnitude of the change between each speed are evaluated in the proposed algorithm to
calculate the value of the PI gains suitable for the adequate response time of the controller, so it can be
adapted to any sudden changes in wind speed.

The implementation of the teaching–learning optimization method applied to the pitch control of
a wind turbine is an important innovation for this type of application. Unlike the controllers mentioned
above, this control model offers to researchers in this field a control alternative, with an algorithm
that adjusts to wind conditions and converges on a solution in a shorter time because it uses the
best solution of the iteration to change the existing solution in the population, in addition to using a
minimum of computer resources since it only uses simple arithmetic operations such as sums and
divisions, so the controller suppresses transitory excursions and achieve a good and fast regulation in
the operation of the stable state.

Different simulations of the dynamic model were carried out to preset initial values of the
control algorithm, and they were adjusted experimentally with a 14 KW wind turbine, two blades,
12 m in diameter, with a permanent magnet synchronous generator (PMSG) installed at the UAQ
airport campus.

2. Wind Turbines

The turbines are composed of three main parts, the rotor of blades that converts the kinetic energy
from the wind to mechanical energy, the gearbox that multiplies the speed of the rotor and transmits it
to the rotational shaft of the generator, and the electric generator [28]. Additionally, some systems
convert AC to DC using a rectifier and convert DC back to AC to match the frequency and phase of the
network [29]. A diagram of a wind turbine is shown in Figure 1.

Figure 1. Parts of a wind turbine.

2.1. Mathematical Model

The mathematical model of the wind turbine is made by subsystems, the aerodynamic model of
the rotor, the mechanical model and the electric model of the generator are determined.

To perform an aerodynamic analysis of how to extract the maximum power of the wind that
passes through a turbine, the wind that crosses the sweeping area of the rotor is determined. The rotor
power Protor extracted by the blades is described with the Equation (1) [30].

Protor =
1
2
ρ A V3 Cp (1)
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where the wind density is ρ, A is the swept area, V is the wind speed before the turbine. Cp is the
power coefficient, which can be expressed in approximate method depending on tip speed ratio λ,
that is the ratio between the tangential speed of the tip of a blade and the actual speed of the wind and
on the pitch angle of the blade β, based on the characteristics of the turbine [31,32]. Cp is defined as:

Cp(λ, β) = 0.5176
(

116
λi
− 0.4β− 5

)
e−

21
λi + 0.0068λ (2)

where:

λi =

[(
1

λ+ 0.08β

)
−
(

0.035
β3 + 1

)]−1

(3)

λ =
ΩR
V

=
2πnR
60V

(4)

Ω is the rotation frequency in rad/sec, n is the speed of rotation in rpm and R is the radius of the
rotor. Once the Cp has been calculated, it is possible to determine the torque of the rotor Trotor with the
following equation: [33,34].

Trotor =
1
2
ρ π R3V2 Ct (5)

where torque coefficient Ct is defined as:

Ct =
Cp

λ
(6)

The mechanical system transmits the mechanical torque of the rotor, multiplies the speed of the
rotor shaft n times towards the generator shaft. The mathematical model of the mechanical system
can be simplified throughout the system into a two masses model, which is the most common model
for wind turbine transmissions and can be used without losing accuracy [35,36]. In the mechanical
model, the aerodynamic torque of the wind turbine rotor and the electromechanical torque of the
generator act in opposition to each other and are the inputs to the model, while the rotation speeds are
the output [37,38]. The mathematical model is represented by the Equations (7) y (8). The model of
two masses proposed by [19] is shown in Figure 2.

Figure 2. Two masses model of a wind turbine.

2Hrotor
dwrotor

dt
= Trotor − dsh

(
wrotor −wgen

)
− ksh

(
θrotor − θgen

)
(7)

2Hgen
dwgen

dt
= dsh

(
wrotor −wgen

)
+ ksh

(
θrotor − θgen

)
− Tgen (8)

where the inertial constant depends exclusively on the geometry and distribution of the mass of
the element. The elasticity between adjacent masses is expressed by the spring constant ksh and
the mutual damping between adjacent masses is expressed by dsh [36,37]. θrotor is the rotor angular
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position and θgen is the generator angular position. Hrotor and Hgen are the rotor inertia and generator
inertia, respectively.

The inertial moments Hrotor and Hgen are calculated according to:

Hrotor =
Jrotor w2

rotor
2 Pn

(9)

Hgen =
Jgen w2

gen

2 Pn
(10)

Jgen is the inertia of the generator and is regularly provided by the manufacturer. In the case of the
inertia of the rotor Jrotor it can be approximated according to:

Jrotor =
1
8

mrR2 (11)

where mr represents the mass of the rotor (includes the mass of the blades).
The generator is electromechanical equipment that converts mechanical power into electrical

power, uses a stator and a rotor. The stator is a housing with coils mounted around it. The rotor is the
rotating part and is responsible for producing a magnetic field, it can be a permanent magnet or an
electromagnet. When rotating, its magnetic field is induced to the stator windings causing a voltage at
the stator terminals [28]. According to the needs of the market, the synchronous permanent magnet
generator (PMSG) is used commonly because of its adaptation to variable-speed turbines [38]. The
PMSG has a high efficiency since its excitation is provided without any power supply. It requires the
use of an AC/DC/AC power converter to adjust voltage and frequency to the supply network [39].

For the mathematical modeling of a PMSG, the three phases are transformed into an equivalent
of two axes. This is because each one acts in a defined geometric space of the air gap. With the
direct axis (d) in phase with the winding of the rotor field and the quadrature or displacement axis
(q), 90 electrical degrees forward in a synchronous rotating d-q reference frame. Magnetic flux waves
due to the winding of the stator are presented in two sinusoidal waves distributed rotating with a
synchronous speed such that one is the maximum point on the axis d, and the other is the maximum
point on the axis q. The stator output voltages d-q of this generator are given respectively by Equations
(12) and (13) [40].

Vd = RdI + Ld
dId
dt
−ωgenLqIq (12)

Vq = RqIq + Lq
dIq

dt
+ωgen

(
LdId + ϕ f

)
(13)

where L are the inductances of the generator, R is the resistance and I is the currents in the axes d and q,
respectively. ϕf is the permanent magnetic flux. ωgen is the rotation speed of the PMSG.

ωgen = Ppωre f (14)

Pp is the number of pairs of poles. Electromechanical torque Tgen can be express as:

Tgen =
3
2

Ppωre f
((

Lq − Ld
)
idiq + ϕ f iq

)
(15)

ωref is the reference speed to control the speed of the generator shaft. The model reference speed is
normally 120% but is reduced for power levels below 46% [41]. This behavior is represented in the
model by using the following equation:

wre f = −0.75P2 + 1.59P + 0.63 (16)
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P is the electric power. In the controller, the speed reference is not directly a function of power, but the
overall effect on the speed/power relationship is similar.

2.2. Control System

The complexity of modern wind turbines forces its control systems to ensure safe and efficient
operation. The objective of control systems is to ensure a continuous supply of energy to the grid,
maximize energy production, and mitigate dynamic and static mechanical loads. The pitch angle of
the blade, the torque of the generator, and the frequency on the grid are the main parameters that must
be controlled [42].

The definition of the control objectives depends on the operating regions of the wind turbine.
These are closely related to wind speed, and one can identify four operating regions according to the
wind speed. Region I represents the wind speed at which the rotor cannot move, so the rotation speed
is zero. When the rotor begins to rotate, enters region II, this region is limited by the starting speed and
wind speed where the generator rotates at its nominal speed. The objective of control in this region is to
maximize energy production through MPPT strategies. Region III starts from the nominal speed to the
stopping speed, which is the design speed limit and is required to stop rotation for safety. To maintain
the constant nominal rotation speed, the pitch control is used. However, MPPT control is also used in
this region to smooth out abrupt changes in wind speed, where the mechanical restrictions of the pitch
system do not allow a rapid response. Finally, region IV is where the wind turbine must be stopped
even with a mechanical brake [42,43].

The pitch control system in a wind turbine is used to regulate the power of the rotor, control its
speed of rotation and stop the rotor out of the action of the wind. In region III, during high-burst
winds, it is necessary to control the rotation speed of the rotor to protect the generator and electronic
equipment from overloads. The inertia of the large rotors in acceleration and deceleration must be
considered to decrease the dynamic mechanical stresses in the blades and the tower. The speed of
rotation is variable with the angle of incidence. This angle is formed between the line of direction of the
wind and line that marks the side of the blade. This angle of incidence is increased to take advantage
of the wind speed and is reduced when the speed of rotation increases. The adjustment of this angle
is made to keep the power captured by the wind constant. The angle of incidence changes with the
pitch angle, which is the angle of rotation of the blade with respect to its axis. Consequently, the power
coefficient is affected by the evolution of the pitch angle [44].

In Figure 3, the power coefficient curves with different values of the pitch angle are shown.
When the angle value increases, the power coefficient decreases, the captured wind power is reduced,
and there is a reduction in the rotor velocity.

Figure 3. Power coefficient curves for different pitch angle values (β).
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The control model used is a PI controller with feedback [17]. The purpose of a feedback control
system is to reduce the error e(k) to zero between the variable to control and its reference value as
quickly as possible. The error is expressed as:

e(k) = ωre f −ωrotor(t) (17)

The pitch control signal u(t) to the plant is equal to the proportional gain Kp times the magnitude
of the error plus the integral gain Ki times the sum of the errors of samples, k is the sample number
from a total of ksim samples.

u(t) = Kpe(k) + Ki

∑ksim

k=1
e(t) (18)

To select the parameters of the Kp and Ki controller that comply with the presumed behavior of
the system, it is proposed to follow the tuning rules of Ziegler–Nichols [45] based on the experimental
responses to a step input. However, there may be a large overshoot in your response that is unacceptable,
so a series of fine adjustments is necessary until the desired result is obtained.

The pitch angle command activates a mechanic system back and forth for the pitch control system.
The faster the settling, the lesser the mechanical stress on the turbine and structure.

3. Intelligent Search Algorithms Teaching–Learning

Teaching–learning-based optimization (TLBO) is based on the teaching and learning process in a
classroom. In each generation, the best candidate solution in the population is considered the teacher,
and the other candidate solutions are considered learners. The learners mostly accept instruction
from the teacher, but also learn from each other. The score of an academic subject is analogous to the
value of an independent variable or candidate solution feature [46,47]. The steps of the algorithm are
described below.

Step 1: Define the optimization parameters.

Population size (Pn),
Number of generations (Gn),
Number of design variables (Dn),
Limits of design variables (LU, LL).
Objective function f (x)
Define the problem: Maximize f (x), minimize f (x).
X is a vector of design variables such that:

LU,i ≤ xi ≤ LL,i : Xi ∈ xi = 1, 2, ..., Dn

Step 2: Initialize the population.
Generate a random population according to the size of the population and the number of design

variables. For TLBO, the size of the population indicates the number of students, and the design
variables indicate the subjects that are offered. This population is expressed as:

Population =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

x1,1 x1,2

x2,1 x2,2
...

...
xPn,1 xPn,2

· · · x1,D
· · · x2,D
...

...
· · · xPn,D

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(19)

Step 3: Teacher Phase.
Calculate the average of the population, which will give the average for the subject as:

MD = [m1, m2, m3, . . . , mD] (20)
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The best solution Tf(x)max,min will be teacher Tteacher for that iteration

Tteacher = T f (x)=max, min (21)

The teacher will change the mean of MD to Xteacher, which will act as a new average for the iteration.

Mnew,D = Xteacher,D (22)

The difference between two means is expressed as:

Di f f erenceD = r(Mnew, D − TFMD) (23)

r is a random number in a range [0,1]. The value of TF is selected as 1 or 2. Teaching value that
decides the value of the mean to be changed. No design value is random, given by the algorithm:

TF = round[1 + rand(0, 1){2− 1}] (24)

The difference obtained is added to the current solution to update its values using:

Xnew,D = Xold,D + Di f f erenceD (25)

Accept Xnew if you give the function a better value.
Step 4: Learning Phase.
A student interacts randomly with other students. A student learns something new if the other

student has more knowledge than he does. Randomly select two learners Xi and Xj, where i � j.
The knowledge of both students is compared.

IF f (Xi) < f
(
Xj
)
→ Xnew,i = Xold,i + ri

(
Xi −Xj

)
(26)

IF f (Xi) > f
(
Xj
)
→ Xnew,i = Xold,i + ri

(
Xj −Xi

)
(27)

When all the students have interacted, accept Xnew if you give the function a better value.
Step 5: Termination criterion.
Stop if the maximum generation number is reached, otherwise, repeat from step 3.
Figure 4 shows a flow diagram of this algorithm.

Figure 4. Flow chart for teaching–learning-based optimization.
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This optimization method was selected since it converges on a solution in a shorter time compared
to other known algorithms, this is because it uses the best iteration solution to change the optimal
reference solution existing in the population, in addition to using a minimum of computer resources
since it only uses simple arithmetic operations such as sums and divisions.

A performance analysis of the proposed algorithm was developed and compared with other
intelligent search techniques such as genetic algorithm (GA) [48], simulated annealing (SA) [46], ant
colony optimization (ACO) [46], differential evolution (DE) [46], and firefly algorithm (FA) [46], particle
swarm optimization (PSO) [26], moth flame optimization (MFO) [27]. Test functions (28) suggested
in [48] were used.

f (x1, x2) = (x1 − 10)3 + (x2 − 20)3 (28)

f or 13 ≤ x1 ≤ 100 & 0 ≤ x2 ≤ 100 (29)

This equation was selected due to its similarity to the objective function, since it has higher and
non-linear terms of order, in addition to being initialized at a starting point (first solution). Another
important feature is the mathematical minimization problem with two variables, as in the application
of the wind turbine, it is necessary to find the value of the variables kp, ki that minimize the error in the
controlled variable. Table 1 lists the specifications with which the test was performed.

Table 1. Test conditions.

Problem Minimization
Variables (x1, x2)

Restrictions 13 ≤ x1 ≤ 100 0 ≤ x2 ≤ 100
Population size 5 for variable

Maximal interactions 1000
Acceptance criteria 100 interactions without change

Number of tests 5

From this analysis, the computation time for the search for each optimal solution was obtained.
The computational resource was an HP Workstation i-7 processor and 32Gb RAM, 64bit, for all tests.

The optimum value is:
f (x1, x2) = −6961.8138 (30)

f or x1 = 14.095 & x2 = 0.84296 (31)

Table 2 shows this comparison, where it is evident that the teaching–learning algorithm obtained
a better performance.

Table 2. Performance analysis of the teaching–learning algorithm compared with other intelligent
search techniques.

Optimization algorithm Run time (s) Value Error

PSO 2.44 −6875.94 |85.8738|
ACO 6.63 −6952.18 |9.63380|

FA 7.06 −5498.67 |1463.14|
GA 12.64 −6912.66 |49.1538|
SA 4.81 −6350.26 |611.553|
DE 1.71 −6942.59 |19.2280|

MFO 6.23 −5473.90 |1487.91|
TLBO 0.88 −6964.14 |2.32620|

According to the results presented in the previous table, the TLBO algorithm had better results in
the computation time and obtained a minor error in relation to the exact known solution, this is due
to the advantages of the algorithm. The advantages of the algorithm are that it does not require any
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parameters to adjust, which simplifies the implementation, uses the best solution of the iteration to
change the existing solution in the population which increases the convergence rate. TLBO does not
divide the population as other algorithms do, but it uses two different phases, the "teacher phase" and
the "student phase", so that new random solutions can be evaluated, and no time is spent evaluating
the same solutions among themselves. The disadvantage is that no measures are taken to handle
the limitations of the problem. Solution selection is only done in a heuristic way by comparing
two solutions.

4. Methodology

The proposed methodology for the optimization of the use of wind energy for the generation of
electric energy through a PI controller with variable gains includes the following steps. First, know
the available wind resource by making a preliminary study of the historical records of the climatic
conditions at the installation site, as well as having physical knowledge of the wind turbine. This will
allow us to characterize the wind behavior statistically to know the limits of wind conditions. Second,
design a PI controller for the pitch angle, tuned for a response speed according to the sensitivity
presented by the system, in a range of nominal wind speed values. This allows us to keep the controller
in a stable state with typical winds. Third, once the response values of the controller are in their stable
state, the limitations and operating ranges of the controller are proposed to establish the optimization
parameters of the TLBO algorithm, which will improve the response of the controlled when atypical
winds occur, such as bursts or turbulence.

4.1. Wind Resourse and Wind Turbine Specifications

The wind turbine used for experimentation is located at the UAQ, airport campus, road to
Chichimequillas s/n, Ejido Bolaños, Querétaro, Qro. Z.C. 76140. The geographic location 20◦37’24.1”
North and 100◦22’06.0” West and an altitude of 1969 m a.s.l. Figure 5 is an image of the airport
campus of the autonomous university of Queretaro, where the wind turbine and the adjacent buildings
are shown.

 

Figure 5. Universidad Autónoma de Querétaro, airport campus.

This research incorporates aerodynamic modeling based on a meteorological study with data
collected in the weather station #76628 SMN-CONAGUA network, located in the place, with stored
data from the last five years. The average annual recorded speed is 3.9 m/s, and the range of recorded
wind speed values is between 0 and 15.69 m/s.

This wind turbine is a NACA 6812 airfoil with two blades of 6.4 m in length and 1.2 m at their
widest point, constructed of fiberglass and polyester resin, weighing 260 kg each. The height of the
tower is 18 meters. There is a multiplier box with a ratio of 1: 2.1, and a permanent magnet generator
with a rated power of 14 KW at 14.6 rad/s speed.
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4.2. Pitch Control

To form the plant to be controlled, the different mathematical models were integrated, in the
dynamic model, the input data is wind speed that is the disturbance of the system and the pitch
angle that is a variable that is originated in the controller, the output is the mechanical torque of the
low-speed shaft. The information we obtained from the mechanical model is the rotation speed of the
shaft at the output of the multiplier box or high-speed shaft. In the generator model, the generated
electrical power was calculated and due to its electromagnetic properties, the torque of the generator,
which in turn is a force opposing the rotor torque. The controlled variable is the speed of rotation of
the rotor. The limitation in this control model is the speed of rotation of the blade, the maximum speed
is 1.5 ◦/s because a 0.5 HP motor mechanically spins a reducer with a 60:1 ratio, which increases the
torque to counteract the effects of air on the blade, but greatly decreases the speed. The control model
that describes the operation of the systems is shown in Figure 6.

Figure 6. Proportional-integral (PI) pitch control model.

The controller gains were established empirically by performing various simulations in
MatLab-Simulink R2018b V9.5.0.944444 program. The wind speed from 0 m/s to 15.69 m/s, maximum
wind speed at the site, was used as an input variable. The setpoint for the controller is the rotation
speed of the nominal generator shaft of 14.6 rad/s.

The system is limited to a wind speed between the starting speed and the cutting speed, within
these limits the system must be stable. Tuning was performed by applying a step input with the
value of the nominal wind speed, which means the maximum value of an accepted disturbance. With
respect to the sensitivity of the system at different wind speeds, the system must not have an over
impulse greater than 20%, so a range of PI gains from the controller that were within the limits of this
condition was obtained. Therefore, the controller can minimize the error of the controlled variable
under these disturbance conditions and ensuring that the system is stable. The gain values obtained
using the Ziegler–Nichols method for PI controller and experimentally adjusted are Kp = 2.2 and
Ki = 0.1, gain values Kp = 10 and Ki = 0.01 were also obtained for a system with 20% overshoot and
Kp = 1 and Ki = 1 for an overdamped system.

Figure 7 shows the behavior of generator shaft speed with the gain values obtained for a stable
system, a system with overshoot, and an overdamped system. Figure 8 contains the pitch angle
movement for all cases.

Figure 7. Gain values obtained for a stable system, a system with overshoot, and an overdamped system.
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Figure 8. Pitch angle movement with different gains of PI controller.

4.3. TLBO Algorithm Application.

According to the analysis performed in the process of tuning a PI controller, in point 4.2,
the optimization parameters were defined:

Population size (5), a small number of initial random solutions for each design variable is proposed,
which reduces the convergence time, in addition, there is the possibility of increasing the search space
since the switching between student-teacher phase is carried out faster and new random solutions can
be evaluated and no time is spent evaluating the same solutions among themselves.

Number of generations (100), the maximum number of interactions was proposed after verifying
that for this case study the convergence of a solution was obtained around 50 interactions.

Termination criteria: If there are more than 25 interactions without having a better profit proposal,
the search process ends.

Design variables (Kp, Ki), controller gains.
Limits of design variables, 0 ≤ Kp ≤ 10, 0 ≤ Ki ≤ 1 the limits were established based on knowing the

optimal values of the design variables for the overshoot system and overdamped system, for nominal
wind speed ranges.

Objective function, f(x) = mathematical model, this model was described in Section 2 of
this publication.

Define the problem: minimize e(k), the objective is to find a solution that reduces the error between
the nominal rotation speed of the generator shaft and the measured speed.

The calculation of the new gains was made every second, since the execution time of the algorithm
was less than this time. MatLab-Simulink R2018b V9.5.0.944444 program was used to run the algorithm
on an HP Workstation i-7 processor and 32 Gb RAM (64 bit). The experimentation was performed
by programming a PIC16F87A using the Dev C ++ V5.0.0.4 software. The control model proposed
proportional-integral with teaching–learning based optimization (PI-TLBO) is shown in Figure 9.

Figure 9. PI-TLBO model for pitch control.
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5. Results

According to simulations performed to obtain the empirical values of the Kp and Ki gains,
a maximum power factor of 4.47 and the wind speed of 6 m/s were determined under ideal conditions
and shaft generator nominal speed of 14.6 rad/s. However, the magnitude of the change in wind speed
makes the system unstable, since the thrust force provides different acceleration to the rotor rotation.
Therefore, a PI controller with variable gains was proposed to obtain different response times in the
controller and soften these changes. The effectiveness of a pitch control using the PI-TLBO algorithm is
examined in real operating conditions. The recorded wind speed values are shown in Figure 10.

Figure 10. Wind speed recorded in the experiment with the algorithm.

The search time for each value of Kp and Ki is in a range of 0.4 and 0.75 seconds depending on
whether the algorithm makes all interactions or not, so a variable adjustment is made every second.
With this result, the convergence speed of the algorithm can be highlighted, where unlike other
optimization algorithms, it uses the best iteration solution to update the value of the existing solution,
in addition to reducing the processing time since they are only used simple arithmetic operations such
as sums and divisions.

Figure 11 shows the development of the algorithm in (a) there is an error of the variable that
decreases according to better values of Kp and Ki, in (b) and (c) we observe how the values Kp and Ki
change respectively.

 
(a) (b) 

Figure 11. Cont.
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(c) 

Figure 11. Algorithm development. (a) Decrease of the error value, (b) adjustment of the Kp value, and
(c) adjustment of the Ki value.

The results of the experimentation show that the algorithm of optimization of gains Kp and Ki
generate a better performance of a PI controller. In Figure 12, a comparison is made between the
response of a PI controller and a PI-TLBO controller, the speed obtained from the generator shaft
behaves more smoothly and close to the nominal speed, which represents a reduction in fatigue in the
wind turbine structure and lower saturation in the PMSG.

Figure 12. Comparison between the performance of the PI controller and the PI-TLBO controller.

It is also observed that the response of the PI_TBLO controller has a minor overshoot in the
optimization range, the stabilization period is also reduced when a major disturbance occurs. Therefore,
it can be suggested that after the TBLO optimization process for calculating the gains of the PI controller,
the proposed control model is expected to control the pitch angle under various disturbances.

Figure 13 shows the movement of the Kp and Ki gains throughout the experimentation.

(a) (b) 

Figure 13. Evolution of gains (a) Kp and (b) Ki.
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It is important to note the efficiency of the algorithm, a series of simulations were performed to
validate the repeatability finding small variations in the response of the controller, this is due to the
randomness of the data to generate new responses in the teacher phase. However, any of the responses
of the PI-TLBO controller obtained better performance than that of the PI controller, this can be seen in
Figure 14.

Figure 14. Repeatability of the PI-TLBO controller.

6. Discussion

The use of dynamic models to simulate the aerodynamic behavior of the system allows to know
the behavior of a wind system, however, in this type of systems, it is not necessary to know the
behavior of the wind speed or the magnitude of its changes that would be the variable input. The
multiple variables involved in the output variable make the system nonlinear, which also becomes
a problem to calculate the ideal parameters of the controller. That is why a controller that adjusts
to various changes in the system variables is proposed, this controller is automatically adjusted by
an optimization algorithm based on teaching–learning, which gave the system stability since the
controller adjusted its control response according to wind conditions. A better response was obtained
by constantly adjusting the controller with a method of close solutions to the optimal one, than by
applying a single optimal deterministic method. This is since a suitable adjustment of the controller is
required to the sensitivity of the system, since the closer it is to nominal wind speed, the system is
more sensitive to wind changes, not so when the system is below the nominal speed.

A PI controller with dynamic gain adjustment and not a PID was used because the differentiation
reacts as fast as the input changes with respect to time, the differentiation acts towards the future
anticipating the overshoot trying to offer a response according to how quickly it increases or the
input signal decreases, however, when applied in a system of dynamic gains, differentiation caused
oscillations in the system, this is because it is not necessary to anticipate the future since the calculated
gains act in the present. That is why it was decided to use only a PI controller, getting good results.

The presented control system affects the angle of inclination to limit wind energy, however,
additional subsystems suggest the implementation of speed control to obtain an optimal electrical
frequency and transfer the total electrical energy to the electricity grid.

It is convenient to use new forms of intelligent control, such as fuzzy systems, neural networks,
and genetic algorithms. With this type of control, a predictive model for the expected climate would be
achieved and with that would anticipate a better control response, which would reduce the frequent
stops and starts of the system. In addition, the algorithms of these systems are programmed according
to the knowledge and experiences that a human expert would have in the field. This is very useful
since you cannot have an exact mathematical model of the meteorological parameters.

It is necessary and essential to prepare more professionals in universities with this new approach,
which consists in considering the design of the wind turbine and its integration with the environment.
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7. Conclusions

The use of wind energy in places where this natural resource is available should be an alternative
for the generation of electrical energy, since it does not harm the environment and the wind does not
end. There are places of difficult access due to their complicated orography surrounded by mountains
where the wind is turbulent with various changes in wind speed.

A small deviation in the wind speed causes a large deviation in the output power of the wind
turbine rotor due to the association of cubic links between these two parameters. This, in turn, translates
into system vibration, mechanical fatigue, and an acceleration in the rotation speed that exceeds the
nominal rotation speed of the generator.

Pitch control is the movement of the blades to receive wind power, conventional PI control is
efficient in a stable state, but not in sudden changes in wind speed. This article proposes a new method
of effectiveness for a PI controller based on the optimization of the gains used, which represents a
better control response in different wind speed ranges. The proposed PI-TLBO algorithm proved
to be efficient, since better performance was obtained compared to a conventional PI, it proved to
be repetitive even though, in the teacher phase, the algorithm uses a random choice of parameters
to generate new solutions. The algorithm has a rapid calculation speed due to the simplicity of
its operations.

In general, with the PI-TBLO controller there is a lower overshoot and that the stabilization
period is also reduced when disturbances occur, therefore it is highly efficient to control the pitch
angle of a wind turbine under various atypical wind disturbances such as bursts and turbulence,
reducing the transient effects of the controller and, consequently, the energy consumption in the
actuator. Moreover, it was evident that the error between the nominal rotation speed of the generator
shaft and the measured speed was considerably reduced, therefore, the generator is prevented from
having losses due to magnetic saturation. According to the above, it can be ensured that the generation
of energy in a wind turbine is increased with the use of an optimized PI-TLBO control algorithm to
position the pitch angle.

The limitation of this work was the reaction speed of the mechanical system, the controller proved
to be highly efficient, however, with extreme wind gusts, the actuator did not have enough speed
to adjust the angle. An improvement to the design of the control model is the location of the wind
speed measurement system, placing it at a specific distance, where the bursts of time are detected in
advance and the controller can give a timely response, thereby the control transients that make the
system unstable would be further reduced.

The use of algorithms that efficient the use of wind turbines is key to boost the use of wind energy
with small wind turbines where the wind is not stable and the use of large commercial wind turbines
is not possible or profitable.
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Abstract: The environmental energy sustainability of universities has aroused great interest in recent
years. In this study, environmental impact assessment tools are used to analyse the environmental
impacts of the University of the Basque Country (UPV/EHU) since 2015 and to identify reform
scenarios to make the university more sustainable. University campuses can be considered to be small
cities that impact the environment of the cities where they are located. The environmental impacts of
the UPV/EHU Gipuzkoa campus and the impacts on the city of Donostia-San Sebastián in which the
university is located are analysed. The environmental impacts are calculated using simulation tools
based on three-dimensional models of the university campus and the city. These results are compared
with actual impact results from monitoring. The simulation results differ from the monitoring results
but provide a rapid determination of the best future scenarios for a more sustainable university by
taking the impacts on the city into account. This study enables the university to align its efforts with
the Covenant of Mayors for Climate and Energy.

Keywords: university environmental impact; urban planning; sustainability assessment; covenant
of Mayors

1. Introduction

The environmental energy sustainability of universities cannot be separated from the large-scale
overarching problem that affects the entire world. There is growing evidence that the situation of the
global environment has become critical in several aspects. Thus, problems, such as the depletion of
natural resources, global warming, or the depletion of the ozone layer, have received considerable
media coverage and have significant social repercussions.

It is estimated that over 50% of the population lived in urban settlements, in 2016, which will
increase to over 60% by 2030; that is, two out of every three persons in the world will live in cities [1–5].
This problem is magnified if this densification is considered in conjunction with recent assessments that
two-thirds of the world’s primary energy consumption can be attributed to urban areas, which in turn
means that 71% of the world’s direct greenhouse gas (GHG) emissions are energy-related [6]. In the
European Community, in particular, buildings and the construction sector in general are responsible
for 40% of energy consumption and 25% of CO2 emissions. [7–9].

This situation presents a clear demand, both from the public and private sectors, to forecasters and
urban planners for greater environmental awareness in project implementation. This new awareness
must encompass many interrelated problems [10], such as the consumption of resources, waste
production, water consumption, GHG emissions and the protection of biodiversity and air quality.
Most of these problems cannot be addressed at the level of a building or a facility. The urban scale
is an extremely relevant scale at both the city and university campus levels [11]. The environmental
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and energy impacts at the building scale are magnified at the urban scale [12]. For this reason,
urban planners are more frequently employing environmental and energy efficiency parameters in
the design of new urban development spaces and in the creation of regeneration projects for city
districts [13]. Therefore, it is absolutely necessary to use tools in the simulation, measurement and
evaluation of parameters that can facilitate the sustainable development of cities [14–19]. It is crucial to
include these parameters at the design stage to be able to choose the most sustainable urban proposals
among different projects. Different neighbourhood sustainability assessment (NSA) tools are available
depending on the objective of an urban development project. Each tool has its own particularities and
produces various forms of environmental assessments for different data.

Several studies have analysed different systems [20]. Lee presents an in-depth review of five
representative qualitative assessment tools at the building scale: BREEAM, LEED, CASBEE, BEAM
Plus, and ESGB [21]. Reith and Orova [22], compare different NSA tools at three levels of detail for
different indicators. Sharifi and Murayama [23], analyse seven systems of sustainability assessment,
showing a clear difference in focus among the tools. An in-depth case study in Spain is used to
demonstrate substantial differences among thirteen assessment tools for sustainability at the urban
scale at the international level [24]. Lastly, Xabat et al. conducts a study on different recent development
tools for the energy assessment of cities at the district level [25]. Among the available options, the
dynamic energy atlas can be used to solve energy problems in a geographical context, with some
drawbacks [26]. Another tool analysed in the study is CitySim, which can be used to simulate energy
scenarios at an urban scale, although considerable expertise in energy simulations is required [27].

The NEST (neighbourhood evaluation for sustainable territories) tool is used in this study [28,29].
This recently developed and simply managed tool starts with a life cycle analysis at the building level to
evaluate of the design of a district of a city and proposes improvement scenarios for a more sustainable
evolution of the city [19]. Using NEST, three-dimensional (3D) models are used to evaluate a series of
indicators to analyse the main environmental problems affecting sustainable design at an urban scale.
This agile tool generates 3D graphical solutions that are very easy to interpret. The environmental
energy sustainability of universities can be successfully studied at the university campus scale, and the
impact of the university campus can be related to the city where it is located. This tool was initially
developed to evaluate different sustainable scenarios for a city. However, present-day universities
can be considered to be small cities because of their large size and population and the complexity of
multiple campus activities, which directly or indirectly impact the environment [30,31]. These impacts
are mainly related to the consumption of energy and materials related to operations and activities
related to research, teaching, administration and services, and transportation to users’ homes [32].
Thus, there is a growing demand for projects on sustainability in universities [33–37]. That is why the
evaluation of the environmental impact of University of the Basque Country (UPV/EHU) has been
carried out using the NEST tool [38].

A global evaluation can be performed using NEST at different scales of analysis, where the impacts
of the university campus and the city are evaluated in an interrelated manner, and the links between
impacts can be analysed. As a result, improvement scenarios can be proposed that do not focus
on organisational or local policies but consider the best intentions of municipal policies in relation
to university guidelines, thereby combining efforts to achieve common objectives for worldwide
energy improvement.

2. Methods

The goals of this research project are as follows: (i) To compare the environmental impacts of
the university in relation to the impacts of the city in which the university is located; (ii) to analyse
the difference between scenarios simulated using the assessment tool and actual monitoring data to
rapidly validate refurbishment scenarios; and (iii) to establish a scenario of joint reform between the
university and the city in response to the city’s environmental improvement plan to comply with
international environmental commitments.
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2.1. Study Case: The University Campus and the City

As discussed above, the aim of the project is to analyse the potential of the university to establish
synergies with the city to meet environmental sustainability commitments at the international level,
that is, the new Global Covenant of Mayors for Climate and Energy that was signed by the city of
Donostia-San Sebastián in 2017. After separately evaluating the environmental impacts for the city
and the university, a scenario for sustainable reform is proposed based on a joint plan, specific to the
city, called the Sustainable Energy Action Plan (SEAP) of Donostia-San Sebastián. The environmental
impacts for University of the Basque Country UPV/EHU are obtained by modelling and analysis of the
Donostia-San Sebastián campus. The city of Donostia-San Sebastián is studied considering the main
districts in relation to municipal plans and its pacts for sustainability at the international level. A 3D
model of the university campus and the districts of the city is used to evaluate the environmental impact
of the “building” and “transport” sectors, which have the most significant impacts. The “industry” and
“waste” sectors are not considered. The industry that was located in what is now considered the centre
of the Donostia-San Sebastián moved to the periphery and other places in the province in the 1980s
and was replaced by the university campus, which did not maintain the industrial character. In terms
of university waste management, different faculties have specific plans for the selective collection of
waste (paper-cardboard, plastic-packaging, organic, batteries, toner, pens, computers, etc.), and the
quantity of waste collected is monitored; however, there is no directive common to the entire university.
In addition, in the comparison with the city there is a difference of criteria in the selection of conflicting
waste to be monitored. The university and the city have different main activities: For example, the
municipality is focused on reducing waste, such as baby diapers, whereas the university has begun to
realise the significance of the impact of computers that have become obsolete increasingly quickly.

In summary, 3D modelling of the university campus and the main districts of the city is performed
using the NEST tool to determine baseline scenarios of energy assessment. These results are compared
with actual consumption to evaluate the accuracy of the simulation method relative to monitoring.
Then, NEST is used to simulate scenarios of joint and interrelated energy improvement for both the
university and the city and to analyse the feasibility of meeting the proposed goal of compliance with
the Global Covenant of Mayors for Climate and Energy. To describe the characteristics and dimensions
of the case study, we briefly present the two elements in the comparative analysis of the different
phases of the proposed method.

2.1.1. City of Donostia-San Sebastián

The city of Donostia-San Sebastián can be mainly characterised by an approximate area of 60.89 km2

and a population of 186,665 (year 2018) (Figure 1). According to the Köppen climate classification [39],
the climate of Donostia-San Sebastián is an oceanic climate (Cfb), which is a climate with cool summers
and cool (but not cold) winters and with a relatively narrow annual temperature range.
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Figure 1. Aerial image of the city of Donostia-San Sebastián. The University campus is represented to
the northwest of the city. Source: Google Earth.

Donostia-San Sebastián has been consistently committed to climate change over the past 20
years. The city has made the following significant commitments, among others: The Carta de Aalborg
(Aalborg Letter) (1998); the First Local Plan to Combat Climate Change 2008–2013 (2008); the Safe and
Sustainable Mobility Plan 2008–2024 (2008); a municipal ordinance on energy efficiency in buildings
(2009); signature of the Covenant of Mayors (2011); Sustainable Energy Action Plan (2011); the
environmental strategy Hiri Berdea 2030 (2014); Mayors for Adaptation to Climate Change (2014); a
Plan of Action III of Local Agenda 21 2015–2022 (2015); the Adaptation to Climate Change Plan (2017);
Plan de Accion Clima 2050 DSS (2017); and adherence to the new Global Covenant of Mayors for
Climate and Energy (2017).

2.1.2. Campus of the University of the Basque Country in Donostia-San Sebastián

The University of the Basque Country is located in the three provinces of the autonomous
community: Gipuzkoa (1997 km2), Bizkaia (2217 km2), and Álava (3030 km2) [38]. The major
university campuses are located in the three provincial capitals, Donostia-San Sebastián, Bilbao, and
Vitoria-Gasteiz. The chosen campus for this study is the campus located in Donostia-San Sebastián
(Figure 2), which will be evaluated and compared with the city that contains it.

The university campus in Donostia-San Sebastián can be considered to be an urban campus. The
various faculties are located amidst pleasant green areas on a total area of 170,000 m2 (Figure 1; Figure 3).
The different university faculties and schools were originally scattered around different parts of the
city, until Donostia-San Sebastián urban planning created a common campus for the development
of new faculties and obtaining university degrees. Approximately 25% of the students of the entire
university pursue higher education and the administration and services staff (PAS) and teaching and
research lecturers (PDI) are located on this campus. This area is located northwest of the city and is
crossed by an urban avenue with broad tracts of trees that allow access and exit of vehicles between
the city and other towns in the province. There is a well-maintained public transportation network of
trains and buses, as well as a network of cycling roads that connect practically the entire city.
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Figure 2. Location of the Basque Country and the city of Donostia-San Sebastián.

 

Figure 3. The different university buildings studied on the Donostia-San Sebastián campus (information
about each building is provided in Appendix A).

The sample used in the study consists of higher education institutions (faculties) and other
buildings that are necessary for the teaching, research, or management dynamics of the university
(Figure 3). The faculties include the School of Engineering of Gipuzkoa; the Faculty of Economics
and Business; the School of Education; Philosophy and Anthropology; the School of Computing; the
School of Psychology; the School of Chemistry; the Technical School of Architecture; the Faculty of
Law and the School of Education. Buildings with other uses are the Carlos Santamaria Centre (the
central campus library), the Joxe Mari Korta Centre (RDI), the Ignacio Ma Barriola Centre (which
contains the campus lecture hall consisting of 32 classrooms, rooms with other uses, an auditorium, and
houses the majority of campus services); the Villa Julianategui (Campus Vice-Rectorship) and the most
recent building, the Polyvalent Training and Innovation Centre (Centro Elbira Zipitria Zentroa). The
aforementioned buildings are modelled using the NEST tool. To clearly investigate the area, private
residential buildings adjoining the campus of Donostia-San Sebastián are also modelled.
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2.2. Assessment Tool: NEST

NEST is a tool for the environmental, economic, and social analyses of an urban space and uses
the Trimble SketchUp 3D modelling software; one of the most commonly used 3D graphic design
programmes by designers and urban planners. NEST can be used to directly analyse a digital 3D
model of a part of a city of interest. The tool is used to evaluate a series of indicators that have been
developed on a scientific basis.

One of the great virtues of NEST is its graphical interface, which is very ergonomic because data
can be simply entered into the geometric model to perform an easy, rapid, and effective analysis of real
scenarios and proposed scenarios that are theoretically more sustainable. NEST takes into account
four main elements of urban planning: (1) Buildings, (2) land use (roads, parking lots, green spaces,
etc.), (3) infrastructure (street lighting), and (4) the mobility of the users of the urban space under
study. NEST data can be entered or extracted in four different ways: (i) Manually (MA), (ii) manually
through the NEST drop-down menu (MN), (iii) automatically by NEST (A), and (iv) imported using
the software program Integrated Environmental Solutions (IES) [40]. Oregi et al. [29], and also, Leon
et al. describe the assessment process, indicators, assessment scope, and hypothesis considered by
NEST [38].

2.3. Scenarios and Strategies

To determine the improvement produced by a more sustainable university campus in conjunction
with the environmental proposals in the strategic plan of the city, a baseline scenario or the prior-current
situation must be analysed. Data for both the campus and the city can then be used to propose a
refurbishment scenario to comply with the Covenant of Mayors guidelines at the international level
(Figure 4).

Figure 4. Scheme of the different scenarios analysed.

2.3.1. Baseline

To evaluate the importance of integrating simulation tools into this type of study, we use two
different methodologies to study the city of Donostia-San Sebastián and the university campus:
(1) Monitoring data and (2) simulation using the NEST software.

2.3.2. Refurbishment Scenarios

The refurbishment scenario is based on the SEAP plan established by the municipality. The SEAP
is the official municipal document that summarizes the way the city of Donostia-San Sebastián has
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decided to go in the field of energy management including all the fields and activities in which the city
can directly act or influence. The SEAP includes two parts. The first part is the energy diagnosis, which
is the picture of all CO2 emissions produced by energy consumption. The second part is the SEAP
itself, which includes the environmental and energy targets and the list of actions to be implemented
during next years, including a program for the implementation.

3. Results

The different results of the baseline scenario and the proposal of refurbishment strategies that
affect both the city and the university will be broken down.

3.1. Baseline Scenario

The baseline is defined as the current scenario of the city of Donostia-San Sebastián and of the
university campus related to the total global warming potential (GWP) emissions and emissions per
habitant or user in 2015 year. The results of the city and the university are analysed separately for
subsequent discussion.

3.1.1. City of Donostia-San Sebastián

Data on the energy consumption of the city and its emissions are obtained from different
publications of the municipal, regional, and Basque Country authorities [41–47]. A comparative
analysis of the information from the different data sources is used to compose a sample of the most
relevant outputs or results for this study (Table 1). The main districts that make up the city of
Donostia-San Sebastián are modelled in NEST to determine the CO2 emissions of the sample (Table 1).
The city of Donostia-San Sebastián is modelled in NEST (Figure 5), using information from different
origins. The building geometry in the model is defined using DXF files provided by the city planning
department and from cadastral information.

Table 1. Data analysis for the city of Donostia-San Sebastián.

Monitored Data (Year 2015) Simulated Data—NEST Tool
Difference

between GWP
Results

GWP Emissions GWP Emissions

Kg CO2-eq
Kg

CO2-eq/habitant
Kg CO2-eq

Kg
CO2-eq/habitant

Buildings 2.79 × 108 1.49 × 103 2.48 × 108 1.33 × 103 −11%
Transport 5.36 × 108 2.87 × 103 4.48 × 108 2.40 × 103 −16%
TOTAL 8.15 × 108 4.36 × 103 6.96 × 108 3.73 × 103 −15%

  
(a) (b) 

Figure 5. Two of the districts modelled in the neighbourhood evaluation for sustainable territories
(NEST) for the city of Donostia-San Sebastián. (a) “Ensanche Cortazar” district; (b) “Parte Vieja” district.
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Information on the energy performance of each building in the city is obtained from previous
studies [29], and the Register of Energy Performance Certificates of the Basque Country [48]. The
following statistics for the Donostia-San Sebastián inhabitants are determined from the mobility plan:
30% travel in private cars, 30% by bus, 3% by train, 25% by bicycle, and 17% by foot [46]. Based
on Ecoinvent v3.0, NEST defines the environmental impact of the different mobility systems. The
conversion factor from car, bus, tram, train, bicycle, and walking to GWP will be 0.29, 0.10, 0.09, 0.08,
0.00, and 0.00 (kg CO2-eq/(user·km)), respectively.

A comparison of the results of the two calculation methodologies for the city of Donostia-San
Sebastián shows that the monitoring global warming potential (GWP) data are 11% and 16% higher than
the simulation results for the building and transportation sectors, respectively. Note that the main causes
of this difference are the uncertainty in many of the hypotheses used in the two calculation processes
and different quantification measures, such as the scope of the parameters. However, this difference is
acceptable because the simulation can be used to rapidly evaluate the most sustainable option among
different proposals. The identification of the most sustainable option remains valid after comparing the
simulation and monitoring results. It is important to bear in mind the percentage deviation between
the results of the two methodologies while acknowledging that simulation is indispensable.

In spite of the energy impact that it may suppose, the SEAP of Donostia-San Sebastián does not
consider as input the energy consumption of the municipal sewage. Furthermore, the SEAP does
not propose any strategy to reduce the environmental impact related to this process. Therefore, the
municipal sewage will be out of the scope of this study.

3.1.2. Campus of Donostia-San Sebastián

Several parameters are monitored and quantified for the university campus in Donostia-San
Sebastián for each of the campus buildings from 2015–2017 (see Appendix A). Note that the monitoring
is limited to inventorying the different energy consumption points. Through the correct definition of
“conversion factor” values, the energy consumption is transformed into environmental impact. For
the natural gas source, the related impacts were deduced from the Ecoinvent database, applying the
“Heat production, natural gas, at boiler modulating” process. The conversion factor from natural gas
applied by this study to GWP will be 0.2 (kg CO2-eq/kWh). For the oil source, the related impacts
were deduced from the Ecoinvent database, applying the “heat production, light fuel oil, at boiler
100 kW, non-modulating” process and its conversion factor applied by this study to GWP will be 0.34
(kg CO2-eq/kWh). Finally, the conversion factor from electricity (Spain 2016) applied during this case
study to GWP will be 0.3 (kg CO2-eq/kWh).

Information for the buildings that compose the campus in Donostia-San Sebastián are obtained
from different UPV/EHU documents [49], to compile Table 2, which shows the environmental impacts
associated with the mobility of users (workers, teachers, and students) of the Donostia-San Sebastián
campus for 2015.

Table 2. Emissions from the university campus after the correction of the baseline scenario.

Monitored Data (Average
2015–2017 Years)

Simulated Data—NEST Tool
Difference

between GWP
Results

GWP Emissions GWP Emissions

Kg CO2-eq
Kg

CO2-eq/habitant
Kg CO2-eq

Kg
CO2-eq/habitant

Buildings 4.87 × 106 4.40 × 102 5.56 × 106 5.02 × 102 14%
Transport 4.94 × 106 4.46 × 102 4.12 × 106 3.72 × 102 −21%
TOTAL 1.01 × 106 9.11 × 102 9.68 × 106 8.74 × 102 −4%

The first revision of the campus model is developed in parallel in NEST (Figure 6), based on a
model developed by Leon et al. [38]. However, the monitoring data show that the initial simulation
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model needs to be calibrated in two regards. First, the number of campus users is adjusted, because
12,248 users were used in Leon et al.’s study [38], whereas a corresponding mean value of 11,066
is determined for 2015–2017 from the monitoring process. Second, regarding transportation, the
information in the documents show a new hypothesis for the mode of displacement of the campus
users [49]: 36% travel in a private car, 30% by bus, 12% by train, 15% by bicycle, and 7% by foot. Table 2
shows the GWP emissions of the Donostia-San Sebastián campus that are obtained after defining and
modelling all of the hypotheses for each building and the transport scenario in NEST.

 

Figure 6. Graphical evaluation of the simulation of impacts for the campus with NEST.

A comparison of the results of the two calculation methodologies for the Donostia-San Sebastián
campus shows that the monitored GWP data are 14% lower for the building sector and 21% higher
for the transport sector than the simulation results. However, the total difference between the two
methodologies is only 4%.

Considering the differences in the results for the buildings, the simulation process of NEST
is based on a series of default assumptions to assess the energy consumption and environmental
behaviour of the buildings. Considering these assumptions, it is understood that there will be certain
variation between the building simulation result and the real performance of the building [50–52]. The
reasons for the performance gap in a particular building can be several but in general, the performance
gap happens due to the accuracy of the default values in the building simulation, variation of the
weather data, or the influence of user, understood as user behaviour. Regarding transportation, it is
very difficult to completely match the hypotheses simulated in the initial model with the monitored
data, because the latter are based on questionnaires given out to campus users. This difference in
the hypotheses results in an estimated impact for the transportation sector that is 21% higher for the
university survey data than that calculated by NEST simulation.

3.2. Refurbishment Scenarios

3.2.1. Joint Plan Scenarios

In previous studies by Oregi et al. [29] and Leon et al. [38], theoretical rehabilitation scenarios
associated only with the university were proposed and were not related to the action plans of the city
of Donostia-San Sebastián. By contrast, in this study, the values and strategies defined by the SEAP of
Donostia-San Sebastián [42], are used as a starting point to align the strategies of the university at the
general level with those of the municipality at the local level. The SEAP of Donostia-San Sebastián
comprises four strategic lines of action: (1) Energy efficiency, (2) renewable energies, (3) mobility,
and (4) waste. The guidelines proposed by the city plan for adequate waste management (boosting
second-hand markets (in particular), general awareness campaigns to promote reuse, promotion of
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reusable diapers, creating an infrastructure for territorial composting, taking advantage of surplus
stores, etc.) are not aligned with university waste management strategies. Therefore, waste-related
improvement actions are outside the scope of this study.

The first part of the study results is based on SEAP data (Table 3) and indicates the GWP emissions
resulting from the application of 100% of the strategies for each strategic line. The relevance of each
strategy group for a 100% reduction of GWP emissions is presented. However, all of the strategies
have not been and will not be applicable to the city of Donostia-San Sebastián. Thus, in collaboration
with different public stakeholders, the authors provide a critical review in the “revised data” section.
This new section reflects three types of data: (1) The percentage of application or applicability of each
strategy group; (2) the reduction in GWP emissions for this percentage of implementation; and lastly,
(3) the relevance of each strategy group to 100% reduction in GWP emissions after reviewing the
applicability of the strategies (more information about each SEAP strategy can be found in Appendix B).
The authors use these revised values to determine the strategies for consideration in this study in terms
of realisable actions implemented between 2011 and 2019 in the municipality of Donostia-San Sebastián.

Table 3. Summary table of improvement strategies according to the SEAP of Donostia-San Sebastián.

Data according to SEAP Revised Data

Emissions
Avoided
(tCO2)

Percentage
with Respect
to the Total
Reduction

Applicability
(%)

Emissions
Avoided
(tCO2)

Percentage
with Respect
to the Total
Reduction

Efficiency

Increase performance heating and
cooling equipment 6272 2.7% 10.7% 671 0.4%

Heating and cooling consumption reduction 32,043 14.0% 33.5% 10,721 6.1%
Change the energy mix of the generation system 864 0.4% 2.9% 25 0.0%

Reduce lighting consumption 22,561 9.9% 92.9% 20,952 12.0%
Reduce heating demand 5963 2.6% 83.7% 4,992 2.9%

Reduce appliances consumption 4168 1.8% 80.0% 3,334 1.9%
Total efficiency 71,871 31.4% 56.6% 40,696 23.3%

Renewable

Photovoltaic 6344 2.8% 0.3% 16 0.0%
Aero generators 1887 0.8% 0.0% 0 0.0%
Thermal solar 3234 1.4% 1.4% 44 0.0%
Geothermal 1856 0.8% 8.8% 164 0.1%

Biomass 754 0.3% 50.0% 377 0.2%
Biogas 5682 2.5% 0.0% 0 0.0%

Total renewable 19,757 8.6% 3.0% 601 0.3%

Mobility

Increase biofuels 6776 3.0% 88.3% 5,984 3.4%
Reduce transportation consumption 126,448 55.2% 100.0% 126,448 72.4%

Electric vehicle 4117 1.8% 20.0% 823 0.5%
Total mobility 137,341 60.0% 97.0% 133,255 76.3%

TOTAL 228,969 76.2% 174,553

According to the SEAP data, the strategic line of mobility is the sector in which up to 60% of total
GWP reduction can be obtained. Thus, the main action group is focused on the “Reduce transportation
consumption”, whose application contributes 55.2% to the total reduction in GWP emissions. The
strategic line of energy efficiency contributes 31.4% to the total reduction in GWP and includes action
groups such as “Heating & cooling consumption reduction” and “reduce lighting consumption”, whose
application would contribute 14.0% and 9.9%, respectively, to the total reduction in GWP emissions.
Within this line of efficiency, there are 28 other strategies with an overall influence below one percent
(see the data in Appendix B). Lastly, the strategic line of renewable systems contributes 8.6% to the
total reduction in GWP. This line includes action groups such as “Photovoltaic” and “Biogas”, whose
application would contribute 2.8% and 2.5%, respectively, to the total reduction in GWP emissions.

70



Sustainability 2020, 12, 774

The estimated reduction in GWP emissions changes completely under an objective and critical
review of the application or applicability of these strategies. With the support of different public
stakeholders, the authors have conducted an exhaustive study on the application of each of the
strategies in the municipality of Donostia-San Sebastián, tracking all of the actions based on different
public sources and data from the energy department of the city of Donostia-San Sebastián.

An immediate conclusion that can be drawn is that it is essential to maintain the implementation
of mobility strategies because of their 97% applicability. An opposite conclusion is drawn for the
implementation of renewable technologies in Donostia-San Sebastián, for which only three percent of
the SEAP proposed objectives has been implemented over the last eight years. Lastly, the applicability
of most of the strategies associated with the strategic line of efficiency is projected to exceed 50%, and
these strategies should therefore be considered in the study.

The strategies considered in this study based on a critical interpretation of the SEAP data are
shown in Table 4. Following the existing SEAP guidelines, these strategies will be applied over a
10-year period (2020–2030). A cut-off is defined for action groups with applicability that is greater
than 20% and a contribution above two percent to reducing final GWP emissions. Contrary to some
European guidelines [53–55], this study will not consider any strategy associated with the strategic
line of renewable technologies because of the low applicability of these strategies in the municipality
of Donostia and the reduced impact on the final results proposed by SEAP. Regarding the final selected
strategies, the applicability selection criterion has been maintained, but the selection criterion for the
contribution to the reduced final GWP emissions has been changed to 0.4%. The strategies in this study
are selected based on the percentage contribution to the total GWP reduction from the data reviewed
(see Appendix B).

As shown in Table 4, for the 10 strategies to be evaluated by NEST in this study, SEAP has limited
application to a particular building typology. For example, four of the ten strategies defined in Table 4
are limited to residential or commercial buildings. In addition, strategy 8 (“Acquisition of clean vehicles
by the city”) is limited to city vehicles. Therefore, although 10 strategies are proposed for evaluation at
the municipal level in the study, only five of these strategies can be applied at the university campus
level. Thus, universities should analyse different municipal policies for mobility on their campuses to
achieve an optimal and coherent global mobility policy.

3.2.2. Results of Joint Refurbishment Scenario

A separate NEST model is developed for each strategy, and the reduction in the GWP emissions by
the application of each strategy is shown in Table 5. In addition, three new scenarios are identified: In
the first scenario (strategy 11), all of the energy efficiency strategies are applied together; in the second
scenario (strategy 12), all of the mobility strategies are applied together; and in the third scenario
(strategy 13), all of the strategies in Table 5 are applied together. The emissions reduction is calculated
using the following values from Table 1; Table 2: GWP emissions from Donostia-San Sebastián of 6.96
× 108 and 9.68 × 106 kg CO2-eq from the university campus.
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Table 5. Number of GWP emissions avoided in each strategy.

Strategy
GWP Emissions (kg CO2-eq) GWP Emissions (kg CO2-eq/person)

City of Donostia University Campus City of Donostia University Campus

1 6.93 × 108 9.29 × 106 3.71 × 103 8.40 × 102

2 6.89 × 108 9.68 × 106 3.69 × 103 8.75 × 102

3 6.80 × 108 8.57 × 106 3.65 × 103 7.74 × 102

4 6.89 × 108 9.12 × 106 3.69 × 103 8.25 × 102

5 6.92 × 108 9.68 × 106 3.71 × 103 8.75 × 102

6 6.72 × 108 9.68 × 106 3.60 × 103 8.75 × 102

7 6.79 × 108 9.68 × 106 3.64 × 103 8.75 × 102

8 6.93 × 108 9.68 × 106 3.71 × 103 8.75 × 102

9 6.88 × 108 9.56 × 106 3.69 × 103 8.64 × 102

10 5.53 × 108 8.53 × 106 2.96 × 103 7.71 × 102

11 6.19 × 108 7.62 × 106 3.31 × 103 6.89 × 102

12 5.42 × 108 8.40 × 106 2.90 × 103 7.59 × 102

13 4.64 × 108 6.35 × 106 2.49 × 103 5.73 × 102

The results of the analysis for the city of Donostia-San Sebastián show that, as shown by the SEAP
plan for the city of Donostia-San Sebastián, strategy 10 for the city’s mobility model results in the
highest GWP emissions reduction of 20.6% (1.43 × 108 kg CO2-eq) relative to the 2015 scenario. The
implementation of efficiency strategies reduces GWP emissions by up to 11.2% (7.75 × 107 kg CO2-eq).
Within this strategic line, the following strategies stand out: “Renewable shop lighting” (6 strategy),
“Improving the efficiency of residential buildings by replacing windows and energy-rehabilitating
housing” (strategy 7) and “Developing guidelines with savings measures for the tertiary sector” (strategy
3), which reduce 2015 GWP emissions by 3.4% (2.37 × 107 kg CO2-eq), 2.5% (1.73 × 107 kg CO2-eq),
and 2.2% (1.55 × 107 kg CO2-eq), respectively. Finally, the application of all of the strategies considered
in this study (strategy 13), would reduce GWP emissions by 33.3% (2.32 × 108 kg CO2-eq) annually
compared to the current scenario. The signatory cities to the 2017 Global Covenant of Mayors for
Climate and Energy committed to reducing emissions in 2030 by 40% of those for the base year 2007.
Considering that GWP emissions of the city of Donostia-San Sebastián were 9.92 × 108 kg CO2-eq in
2007 [42], an evaluation of the scenarios proposed by this study shows that the city of Donostia-San
Sebastián could meet its commitment by implementing this joint plan with the university. In turn, the
city would meet the objective set by the European Commission [56], which defined an objective of
reducing GWP emissions from reference year by a minimum of 40% by 2030.

As shown in Table 4, only five strategies for reducing GWP emissions from the university campus
have been applied. In comparison to the results for the city, given that the impact of the buildings is
57% of the total GWP impact of the campus, the strategic line with the greatest amount of reduced
GWP emissions is that of energy efficiency, at a reduction of up to 21.3% (2.06 × 106 kg CO2-eq) of total
campus emissions. Within this line, strategy 3 (“Preparation of guidelines with savings measures for
the tertiary sector”) stands out by reducing emissions by 11.5% (1.11 × 106 kg CO2-eq). An improved
mobility scenario can also significantly reduce total GWP campus emissions by up to 13.2% (1.28 ×
106 kg CO2-eq).

Table 5 shows a second measure that can be used to analyse the impact of GWP on each user in
the city and the university campus. The effect of applying each strategy is similar to the total results.
However, the impacts of the university campus are approximately 10 times below those of the city.
There are two contributions to this difference. First, the level of energy efficiency of the different
buildings of the campus is quite high, resulting in lower consumption than for older buildings in
different city districts. Second, more users consume the same number of resources in the university
than in the city. Therefore, the impact per person is lower for the university than for the city, where
there is a lower density.
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4. Discussion

Three considerations can be identified from the study and the obtained results: The city-campus
relationship (1); the applicability of the strategic analysis; (2) and the integration of tools (3).

First, the single location of the campus within the urban network of the city of Donostia-San
Sebastián results in a direct relationship between the two evaluated elements. At the same time,
strategies or commitments of the city in terms of mobility or energy efficiency directly affect the two
evaluation scales. However, university campuses normally develop their own strategies without
considering the trends or commitments of the city in which they are located. This study is an attempt
to reflect how strategies defined at the municipal level can be applied at the university campus level
and how these actions environmentally impact the city. In this study, the small university campus
contributed only 1.4% of the total GWP emissions of the city in 2015. The application of all of the
strategies proposed in this study (scenario 13), reduces the total GWP emissions of the campus by
34.5% (with respect to 2015). This reduction is greater when the simulated reform scenario in NEST is
in conjunction with the city and applying the municipal plans. Considering previous research carried
out on the whole of the Basque Country University [38], where university campus reform scenarios
based only on university policies were applied, (without taking into account municipal policies), the
reduction was smaller.

The second consideration shows the need to constantly monitor the implementation and
applicability of action strategies defined by documents such as SEAPs, which have a long perspective
(10 years). The socio-economic or normative changes that occur over this timeframe can significantly
alter any proposed scenario, reducing or eliminating the feasibility of application of a previously
proposed strategy. The same happens with the university’s plans that are linked to the Basque
Government, following long-term European directives (2020, 2030, and 2050). Taking into account the
socioeconomic changes that also affect the university, it can be periodically simulated, in a few weeks,
what is the most sustainable option. However, from the comparison between the previous simulation
carried out and the monitoring of the University consumption collected between 2015 and 2018, it
shows that, although the simulation allows detecting the most sustainable reform scenario, in the case
of the university the simulation data has suffered greater variations than in the city, so the university
must take this in consideration, and corroborate the simulation data with constant monitoring.

The third consideration shows the potential of tools, such as NEST, to evaluate and define future
scenarios. This study has shown that it is not always easy to obtain values for the energy consumption
or GWP emissions that are in agreement with monitoring data. However, in this study, the highest
difference between the monitored values and the NEST simulation results was 21% (mobility of the
university campus), which could be viewed positively. Most significantly, the monitoring information
for the city or the energy consumption of all of the buildings of the university campus were obtained
by different public entities over a period of three years, whereas the modelling and calculation process
was completed in three weeks for the city and one week for the campus. In addition to the rapidity of
the simulations, this type of tool can be used to calibrate the input data to the actual application of
each strategy. In this way, the evaluation model becomes a dynamic model that can be adapted to each
moment, facilitating rapid decision-making on the most sustainable design solution. Lastly, these tools
enable the potential of strategies to be analysed at either the municipal or local level, including for a
given and smaller area of a municipality. In this way, those responsible for the university campus can
estimate the reduction in GWP emissions of the campus from the application of municipal strategies or
perform a parallel analysis of the effect of these strategies on the city. For this last consideration, different
public actors of the city of Donostia-San Sebastián and the university campus, who currently work
and choose strategies separately from each other, must work together in order to optimise resources,
enabling the design, analysis, and quantification of the impact of each decision at different scales.
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The evaluation of the proposed scenarios, wherein the strategy of the university is aligned with
the municipal policies of the city of San Sebastian, can be used to achieve higher levels of sustainability.
In this case, it has been possible to verify how a scenario of joint refurbishment between the city and
the university, according to municipal sustainability plans (SEAP), allows cities to assure compliance
with agreements at European level such as the Global Covenant of Mayors for Climate and Energy.
Therefore, it is proven that the university can contribute to the environmental improvement of cities.
The sustainability of a university can no longer be limited to improving a particular faculty building or
the sustainability of the university as a whole but requires the establishment of strategies to develop
synergies with the municipal environmental policies of the cities in which university campuses
are located.
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Abstract: Stand-alone Electrical microgrids (MGs) require power management strategies to extend
the life-time of their devices and to guarantee the global power balance of non-critical loads
such as lighting of small sections of an university campus or individual air conditioning systems.
This paper proposes an energy management strategy (EMS) for an isolated DC microgrid formed
by a photovoltaic system (PVS), an energy storage system (battery), and a noncritical load.
This configuration enables the photovoltaic system to control the power generation and ensures that
the storage element does not exceed the safe limits of the state of charge. To control the generation
of the photovoltaic system, two operating modes based on the perturb and observe (P&O)
algorithm are implemented. The first one performs a maximum power point tracking (MPPT) action,
while the second one regulates the power generated by the PVS to match the load requirement
(power demand tracking, PDT). The management strategy also considers different operating states
for ensuring the battery safety: normal operation, overcharge (at the maximum state of charge),
and bulk charge (at the minimum state of charge); in those states the disconnection/connection of
both the battery and the load is also considered. The main contribution of this work is to design and
test a control strategy for an EMS aimed at regulating a standalone microgrid based on a PV system
and an energy storage device. This solution is validated using detailed MG circuital simulations,
which includes the PV source model (single-diode model), lithium-ion battery model, constant power
load model and the DC/DC converters equations; moreover, realistic power generation and demand
from Universidad Nacional de Colombia, located at Medellín-Colombia, are considered. The results
obtained demonstrate the effectiveness of the energy management strategy, and in this way, enable to
extend the battery lifetime and reduce the costs associated to the maintenance and disconnection of
the microgrid in educational buildings or other applications focused on this type of DC microgrid.

Keywords: DC microgrid; energy management system; photovoltaic (PV) system; energy storage system;
constant power load; power generation control

1. Introduction

The integration of renewable energy sources (RES) into electrical power systems has been an active
field of study for more than ten years, which is usually oriented to reduce the environmental impact
of energy generation and to increase the coverage of electrical networks [1,2]. Microgrids (MGs)
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Sustainability 2020, 12, 1219

have been used to integrate multiple RES, fossil fuels, energy storage systems (ESSs), electrical loads,
and the electrical grid [3]; this by using AC or DC buses to exchange electrical power in two modes:
stand-alone or connected to the grid [4]. As presented in [5,6], the integration of ESS into a microgrid
mitigates the energy production intermittency of renewable sources caused by the night and weather
conditions (cloudy operation, solar irradiance, temperature, wind speed, etc.); moreover, the ESS
helps to control the power flows inside the MG to achieve the global power balance and maximize
the benefits for the operator or proprietary. In addition, to manage the intermittency of renewable
energy resources and load demand characteristics, an EMS is an essential part of the MGs for optimal
use of the distributed energy resources in reliable and coordinated ways [5,6].

DC microgrids have advantages over AC MGs in terms of efficiency and connection simplicity;
for example, as reported in [7], the DC MG avoids performing a frequency control for the main bus;
which reduces the installation complexity. Moreover, DC MGs are formed by distributed generators
(DGs), ESS, and electrical loads [8–11]. In particular, photovoltaic systems (PVSs) are commonly
included in DC MGs as DGs due to the wide availability of solar energy [12]; and the integration
of a PVS, an ESS, and loads is known as a stand-alone photovoltaic system (SPVS) [13]. Those
SPVSs are used in multiple applications for attending non-critical loads, such as plug-in chargers
for electrical vehicles, lighting systems, television sets, data centers (facility lighting or non-critical
workstations used for log files inspection), air-conditioning, home applications, among others [14–17].
Many of the SPVS applications described above are present in educational buildings, e.g., schools,
universities, among others [18]. In this sense, a correct energy management of the SPVS allows to
reduce the operational cost and improve the quality of the electrical service of the educational building;
thus improving the life conditions of the users in those spaces [19]. For example, in [20] a EMS for
stand-alone DC microgrid based on a photovoltaic source, electrochemical storage, a supercapacitor,
and a diesel generator was proposed. The proposed strategy allows to control the system to balance
the power injection accounting the slow start-up characteristic of the diesel generator by means of
a supercapacitor dynamics. A similar solution was published in [21], where an EMS is proposed for
a stand-alone hybrid AC/DC microgrid formed by a PV system, a fuel cell as a secondary power source,
and a battery and a supercapacitor as hybrid ESS. The proposed EMS allows to manage the system
under different modes and SOC limits of the hybrid energy storage when all devices are connected to
the DC bus. For the reasons discussed above, this paper is aimed to design an energy management
strategy for PV based microgrids that consider the environmental conditions and power demand of
the Universidad Nacional de Colombia, located at Medellín-Colombia.

SPVS devices must be integrated using a DC-bus interfaced with DC/DC converters, which
enable the operation of each device in the corresponding safe and optimal operating condition [22].
For example, the DC/DC converter associated with the PVS is regulated using algorithms and/or
control strategies aimed at tracking the maximum power point (MPP); hence, such algorithms are
known as MPP tracking (MPPT) solutions. The ESS integration with the DC-bus is performed using
bidirectional converters and control strategies [23,24] to regulate the DC-bus voltage and to guarantee
the global power balance in the standalone MG when excess or shortage power exists. However,
additional conditions can also be considered; for example, a limitation to the power generated by
the PVS [25–27], which is applied when the ESS reaches the maximum state of charge (SOC) during
low power demand, or a load disconnection when the ESS reaches the minimum SOC during high
power demand [25,28]. Those protections are needed to prevent an accelerated reduction of the ESS
lifetime [29–31], hence reducing costs.

Energy management systems (EMSs) used in SPVSs consider a load shedding strategy for
preventing the ESS from violating the minimum SOC only when noncritical loads are connected
to the MG [32–34]. However, this requires an oversizing of both the generators and the ESS when
critical loads are present. The main challenge in EMS design concerns the limitation of the maximum
SOC condition because traditional control techniques are unable to supply power to the load without
using the ESS; therefore, ESS are constantly discharged and charged with small amounts of power.
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This situation produces charge/discharge sub-cycles, which are integrated as full cycles that reduce
the lifetime of the battery [35]. Therefore, this paper proposes a new EMS based on operating states
for controlling a SPVS without violating both the maximum and minimum SOC of the ESS. For that
purpose, the EMS considers three operating regions for the ESS: overcharge, normal operation, and bulk
charge; and two operating modes for the PVS are also defined: MPPT and power demand tracking
(PDT) [36]. The proposed EMS also includes a capacitor connected in parallel with the battery as backup
ESS. The function of this capacitor is to enable the disconnection of the battery in both overcharge
(high SOC) and bulk charge (low SOC) conditions, hence avoiding charge/discharge sub-cycles in
the battery.

Therefore, the main paper contribution is the design and test of a control strategy for an EMS
aimed at regulating a microgrid based on a PV system and ESS. The solution is also intended to avoid
the sub-cycles problem present in power demand tracking operation, which causes an accelerated aging
of the battery pack due to the integration of charge/discharge sub-cycles into full charge/discharge
cycles. This is done by inserting an auxiliary capacitor into the ESS to support the PDT operation, which
enables to disconnect the battery to avoid the sub-cycles problem. Moreover the EMS also considers
all the states needed to protect battery, including the load disconnection when the power balance
is not achievable due to both low SOC and low PV power production. This document is organized
as follows: Section 2 presents the background of SPVSs based on DC microgrids. Then, Section 3
introduces the structure, control strategies, and energy management system used in the proposed
solution. The results and simulations analysis are reported in Section 4, and the conclusions close
the paper.

2. Background of SPVSs

Figure 1 shows the SPVS architecture adopted in this work, which is formed by a PVS, an ESS
(lithium-ion battery in parallel with a capacitor), the controlled DC/DC converters, and the load [37,38].
Such microgrid structure is commonly used in several applications that require a global power
balance [39–41].

  PVS

  Unidirectional 

DC/DC

 Converter

  Bidirectional

DC/DC

 Converter

MPPT

DC/DC

Controller

LOAD

DC/DC

Controller

DC Bus

ESD

+

+ -

Control signal

Measure signal

Figure 1. Conventional stand-alone DC microgrid.

Equation (1) formalizes the global power balance of the SPVS, where PESD represents the power
supplied or stored by the external storage device (ESD), PPV is the power generated by the PVS,
and PLoad is the power demanded by the load. In this balance, the supplied power is positive and
the consumed power is negative.

PESD + PPV + PLoad = 0 (1)
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EMSs should consider the fact that batteries have two SOC limits: a maximum state of charge
(SOCMax), i.e., overcharge, and a minimum state of charge (SOCMin), i.e., bulk charge. If the battery
operates outside those limits, the ESS lifetime could be significantly reduced [42–44]. Therefore,
EMSs should also integrate two operating modes: (1) constraining the power generated by the PVS
so that it equals the power demanded by the load (PPV ≈ PLoad), which is needed when SOCMax
is achieved; and (2) disconnecting the load when the ESS reaches the SOCMin. In the second mode,
the PVS must be operated at the MPP until the battery reaches an acceptable SOC value to reconnect
the load [36].

An example of this kind of EMSs is presented in [40], where a multi-loop and multi-segment
adaptive droop-controller is used to manage the energy flow in a PV/battery hybrid system
for a stand-alone DC MG. That solution controls the power generated by the PVS to regulate
the charge/discharge battery power. However, since the battery is used to regulate the voltage
in the DC-bus, such an action produces charge/discharge sub-cycles, which reduce the lifetime of
the battery. Similarly, in [45] the authors proposed a double-layer hierarchical controller to ensure
the global power balance of a DC MG. In such EMS, both the generators and the ESS can operate
as voltage source converters or current source converters, which enable both types of devices to
regulate the DC-bus voltage. This solution requires a virtual batteries disconnection when the SOCMax
is reached, which is performed by controlling the power generated by the PVS. Such a strategy
may cause voltage instability due to the absence of a storage device because no device is capable of
storing the small amount of excess power that could be produced by the PVS due to quantization or
controller errors.

Other solutions have been focused on regulating the power generation of the PVS to prevent
the batteries from operating outside the SOC limits. This is the case in [36], where PVS generation is
constrained depending on battery SOC and grid availability. Similarly, in [46] is reported a real-time
rule-based algorithm for the power management of an MG that considers a constraint to the power
generated by the PVS. Different authors [47] have also proposed an EMS based on multiple MG
operating states: MPPT mode and constant voltage (CV) mode. The CV mode is used when the battery
SOC reaches the maximum limit; hence the PVS power generation is constrained to ensure a constant
battery voltage. The same strategy has been applied by other authors to avoid an excessive SOC
condition [36,40,45,46]. However, in those solutions the batteries are not disconnected; therefore,
the small amount of excess power that could be produced by the PVS (due to quantization or controller
errors) is stored or supplied by the battery, generating charge/discharge sub-cycles, which reduce
the battery’s lifetime.

The problem associated with the charge/discharge sub-cycles of the ESS is illustrated in Figure 2,
which considers the control of PVS generation reported in [36]. That control strategy was implemented
following the flowcharts reported in [36], but modifying the power profiles reported in that paper since
those profiles do not illustrate the sub-cycles problem. Such solution has MPPT and PDT modes, where
both modes are based on the Perturb and Observe algorithm. This simulation includes a single BP585
PV module with a constant irradiance of 1000 W/m2, a constant power load of 40 W, and an initial
battery SOC equal to 0.99995, which is near SOCMax. The simulation considers constant power profiles
for both the photovoltaic source and load to illustrate the sub-cycles problem in an easy way: those
constant profiles enable to visualize the source of the sub-cycles problem without the action of other
controller transitions. The results presented in Figure 2a show that the PVS operates in MPPT mode at
the beginning of the simulation to provide the power required by the load, while charging the battery.
The MPPT mode is active for 0.34 s; at that moment, the battery SOC reaches SOCMax. From that
moment on, the system operates in PDT mode to reduce the power generated by the PVS. In PDT
mode, two different waveforms can be observed in the PVS power curves: (1) when the battery SOC
is higher than SOCMax (between 0.34 s and 0.63 s) and (2) when the SOC is almost equal to SOCMax
(from 0.63 s on). In the first part of this PDT operation, the control strategy uses the excess power
from the battery to supply part of the load power, thus discharging the battery to respect the SOC
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limit. However, when the SOC is almost equal to SOCMax, small errors of the PDT control produce
small charge/discharge sub-cycles in the battery (observed in Figure 2b), which are integrated as full
charge/discharge cycles that reduce the battery’s lifetime. In this simulation, the PDT errors are caused
by the discretization of the Perturb and Observe algorithm that is used to track the load power, which
is an unavoidable condition. Similar errors will occur in other tracking solutions, such as incremental
conductance, extremum seeking or linear and non-linear controllers.

Figure 2. Photovoltaic systems (PVS) power generation control.

The following section proposes both a circuital structure and a control strategy to address
this problem.

3. Circuital Structure and Control Strategy for the EMS

To solve the problem described in Section 2, this paper proposes an EMS for a SPVS that considers
battery SOC limits, PVS power generation control, and the integration of a backup capacitor to avoid
charge/discharge sub-cycles in the battery. The backup ESS (capacitor) is used to support the power
balance when the main ESS (battery) is disconnected, which occurs when the battery SOC falls outside
safe limits. Such procedure avoids charge/discharge sub-cycles in the battery and, hence, artificial
battery degradation.

The EMS proposed in this work is based on three operating regions (OR), defined by the SOC
limits, and two control modes for the PVS; a graphic representation of those regions is provided in
Figure 3. Region 1 (OR1) covers the normal battery operation and PVS; hence, the PVS works in
MPPT mode and the battery is connected to the EMS. The second operating region (OR2) occurs when
the battery SOC reaches the maximum limit (SOC ≥ SOCMax), which forces the PVS to operate in PDT
mode and disconnect the battery. OR2 uses the capacitor as backup ESD to ensure a correct power
balance, thus eliminating the charge/discharge sub-cycles described in the previous section. The EMS
remains in OR2 while the MPP of the PVS is higher than the power demanded by the load.

The third operating region (OR3) occurs when the battery SOC reaches the minimum limit
(SOC ≤ SOCMin), which forces the battery disconnection and the use of the backup capacitor for
ensuring the global power balance. Moreover, if the capacitor is discharged (hence the capacitor
voltage reaches a safe minimum value), the load is disconnected to force the capacitor to charge until
the capacitor voltage reaches the battery voltage, which enables the EMS to reconnect the battery.
Finally, the load is reconnected when the battery has been charged to a safe SOC value.
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Figure 3. Proposed methodology.

3.1. Devices and Control Strategies

The components of the proposed EMS are depicted in Figure 4: PV panel, battery, capacitor,
DC/DC converters, control strategies, and common DC-bus. The PVS is connected to the DC-bus
using an unidirectional DC/DC boost converter, which is regulated using the sliding-mode controller
(SMC) proposed in [48]. Such a SMC regulates the DC/DC converter to impose a desired PV voltage
despite the environmental and DC-bus voltage conditions, hence the voltage of the PV source is always
equal to the voltage reference (VPV−REF); the design and stability proof of the SMC are reported in [48].
The reference of such a SMC is provided by the Perturb and Observe (P&O) algorithm proposed
in [36], which has two operation modes: the MPPT mode tracks the optimal PV voltage that ensures
the maximum power generation, while the PDT mode tracks the PV voltage to produce a given
power reference. Therefore, the used strategy to control the power generation of the PVS does not
require the implementation of forecasting methods, since the combined action of the P&O and SMC
algorithms ensures the production of the maximum power possible (MPPT mode) or a lower power
level to match the load demand (PDT mode) depending on the microgrid requirements. In addition,
the proposed structure also has adjustable parameters to control the power generated by the PV sources,
with one limitation: the maximum power that can be delivered is constrained by the environmental
conditions, while the minimum power is controllable. This section of the power system is modeled
using the electrical equations of both the PV panel and the unidirectional DC/DC converter given in
Equations (2)–(4):

ipv = iph − io
[
exp

(
q
(
vpv + ipvRs

)
/ (NcηkTc)

)− 1
]− (

vpv + ipvRs
)

/Rh (2)

dvpv

dt
=

ipv − iLpv

Lpv
(3)

diLpv

dt
=

vpv − vdc
(
1 − upv

)

Lpv
(4)

Equation (2) describes the PV current ipv and voltage vpv imposed by the unidirectional DC/DC
converter, the photo-induced current iph, which is almost proportional to the irradiance level,
the inverse saturation current io, the series and shunt resistances Rs and Rh, the electron charge
q, the Bolzmann constant k, the quality factor η, the number of cells Nc and the temperature in kelvins
Tc. Equation (3) describes the dynamic behavior of the PV voltage, where Cpv is the capacitor in
parallel with the PV source, Lpv is the inductance of the unidirectional DC/DC converter and iLpv is
the current of that inductor. Finally, Equation (4) describes the dynamic inductor current behavior,
where vdc corresponds to the bus voltage and upv is the activation signal of the converter MOSFET,
which is generated by the SMC.
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The backup capacitor C of the structure is used in OR2 and OR3 for supporting the power balance
and, at the same time, enabling the control of the DC-bus voltage in both OR2 and OR3. The capacitor
is always connected to the EMS, while the battery is disconnected in OR2 and OR3 using the switch
SWBat. It must be noted that, independent of the size or the selected technology of the battery bank,
the sub-cycles problems will remain; the quantization errors of the PDT control strategy will produce
small charge/discharge sub-cycles, which are integrated as full charge/discharge cycles. The solution
to avoid that problem is to disconnect the battery bank when the PV system must operate in PDT
mode. A larger battery bank will suffer a small impact of the sub-cycles problem, since each sub-cycle
will be divided into the batteries forming the bank, but the solution proposed in this paper is intended
to remove the sub-cycles degradation independent of the battery size or selected technology.

The capacitor size is calculated using the average power values obtained when the system operates
in PDT. Equation (5) calculates the average current in the capacitor, where Pc is the maximum allowable
power for the capacitor, and VBat is the battery nominal voltage. Equation (6) can be used to calculate
the capacity of the capacitor, where t represents the selected discharging time and ΔV is the maximum
voltage drop allowed for those t seconds; both values are assigned by the MG designer according to
the generator and load characteristics.

IC =
PC

VBat
(5)

C =
IC

ΔV
∗ t (6)

The hybrid ESS is connected to the DC-bus using the bi-directional converter depicted in Figure 4,
which is controlled to regulate the DC-bus voltage. The control strategy adopted here was proposed
in [49]; it consists in a SMC for the charger/discharger that ensures a stable DC-bus voltage in
any operating condition: charging, discharging, or stand-by. This control strategy is active in all
the operating regions by using the battery or capacitor as ESS, thus ensuring the global power balance
of the system. This section of the model is represented by Equation (7), where vESD corresponds to
the ESD voltage, LESD corresponds to the inductor of the bidirectional DC/DC converter and iLESD is
the current of that inductor; finally, uESD is the activation signal of the MOSFETs generated by the SMC
of this charger/discharger.

diLESD

dt
=

vESD − vdc (1 − uESD)

LESD
(7)
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To evaluate the proposed EMS, constant power load (CPL) [50] models were selected due to their
widely use in DC MGs analyses [51–55]. That representation has the main characteristic of changing
both the load current and voltage to keep the load consumption constant; therefore, when the bus
voltage exhibited perturbations, the load current changed accordingly. This is different from
the constant impedance load (CIL) representation, in which perturbations in the bus voltage causes
a different load power consumption. In practical applications of DC Microgrids CPL is an accurate
representation of the loads due to the presence of DC/DC converters interfacing the loads with the DC
bus: the load current changes according to the perturbations in the bus voltage (load voltage) to
consume the power requested by the load [51–53]. Therefore, CIL is not an accurate representation of
the loads in DC Microgrids with commercial loads. In any case, CPL models can be used to represent
loads interfaced with DC/DC converters having variable power consumptions. In that case the power
requested by the load is just updated in the model, but the load keeps behaving as a CPL: the current
changes according to the bus voltage perturbations to ensure the desired power consumption.

In addition, the load voltage was considered equal to the DC-bus voltage; hence, there was no
need for an additional DC/DC converter for the load interface. Finally, since the load was disconnected
in OR3, a switch SWLoad was included in the EMS circuit to disconnect and reconnect the load from
the DC-bus.

3.2. Energy Management System Proposed to Control the SPVS

Figure 3 presents the operating regions defined around the technical operating limits established
for the battery SOC. Such regions should consider the different operating modes of the PVS (MPPT and
PDT) and the battery and load connection/disconnection depending on the requirements of each
operating region. The following subsections explain the types and operating ranges of the battery
SOC and the control strategies applied to the regions proposed in this work: overcharge, normal
charge, and bulk charge. It also describes the requirements to move from one region into another
and connect/disconnect the battery and the load so that voltage fluctuations are as small as possible.
To provide a better explanation of the EMS, the three regions are described in the following order:
Region 1 (normal operation); Region 2 (overcharge); and Region 3 (bulk charge).

3.2.1. Region 1 (Normal : SOCMin < SOC < SOCMax)

In this region, the PVS should always operate in MPPT in order to utilize its maximum power
generation. Because the battery is responsible of the global power balance at all times, it should always
be connected (SWBat = 1). Additionally, the load is always connected in this region (SWLoad = 1)
because the PVS and the battery, combined, can produce sufficient power to supply the power
demanded by the load. The restrictions and considerations to enter this operating region are detailed
in the subsections describing Regions 2 and 3. To leave this operating region, the battery just needs to
reach its SOC limits. The state diagram in Figure 5 enables a better interpretation of those interactions.

MPPT + (SW     = 1) + (SW        = 1)  Bat Load

Region 2 (Over charge)

SOC    SOCMax>

SOC    SOC>SOC < SOCMin Rec

Region 3 (Bulk charge)

Region 1 (Normal)

Bat   V     V <  c

 

&pvif (P PLoad< )

if (if (

if ( )

))

Figure 5. Flowchart of the control strategy in Region 1.
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3.2.2. Region 2 (Overcharge : SOC ≥ SOCMax)

This operating region occurs when the power generated by the PVS is higher than that consumed
by the load and the battery reaches SOCMax. For that reason, the backup ESS (in this case, the capacitor)
must replace the battery and take control of the power balance and the voltage at the DC-bus, keeping
the load connected at all times (SWLoad = 1). It should be noted that, for the EMS to operate in
this region, the battery SOC should be equal to or higher than the maximum limit (SOC ≥ SOCMax).
In this OR, there are different operating scenarios depending on the values of the power generated by
the PVS, the power demanded by the load, and the maximum and minimum voltage limits assigned
to the capacitor, which are explained below and presented in the state diagram of Figure 6.
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Figure 6. Flowchart of the control strategy in Region 2.

• (Ppv ≥ PLoad): In this operating state, the battery must be disconnected (SWBat = 0) and,
at the same time, the PVS should operate in PDT. As a result, the capacitor is in charge of
supplying and storing the power required by the system to perform the PDT and to control
the DC-bus voltage. In order to prevent the capacitor from fully discharging and the system
from collapsing due to the lack of power to control the DC-bus, the system operates in PDT
mode until the capacitor reaches a voltage below (Vc < VBat − ΔVc), being ΔVc the maximum
allowable voltage drop for the capacitor. In the case that this limit is violated, the PVS should
change to MPPT mode so that the capacitor is charged until it reaches the battery voltage (VBat),
thus exploiting the excess power generated by the PVS. Note that, in the management system,
the voltage of both the capacitor and the battery should always be sensed to perform this control
action. Additionally, the capacitor should be protected against over voltage conditions. For that
reason, if during the operation in PDT mode the capacitor reaches the maximum allowable voltage
(VcMax), then the PVS is operated in open circuit voltage (Voc) until the capacitor reaches a safe
voltage (Vc = VcMax − ΔVc). This is achieved because the capacitor is forced to supply the power
required by the load, thus enabling the reduction of its voltage. When the capacitor reaches a safe
voltage, the PVS starts to operate in MPPT to provide power. As a result, the operating mode
can change to PDT if the power conditions are met (Ppv ≥ PLoad); otherwise, the PVS continues
operating in MPPT in Region 1 as long as the power generated by the panel is lower than that
required by the load (Ppv < PLoad) and the capacitor’s voltage is lower than or equal to that of
the battery (Vc ≤ VBat). This forces the capacitor to discharge before changing operating regions
(from 2 to 1), thus reducing the voltage fluctuations at the DC-bus when the battery is connected.

• (Ppv < PLoad): In this state, the PVS power reaches a lower value than that of the load. This is due
to the decrease in Solar Radiation (SR), the variation of T, or higher power demanded by the load;
therefore, the PVS should increase the delivered power and start to operate in MPPT, maintaining
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the battery disconnected (SWBat = 0). The system continues operating in Region 2 as long as
the condition to change to OR1 (described in the previous paragraph) is not met. If that condition
is not satisfied and the condition (Ppv ≥ PLoad) remains, the capacitor is charged up to the battery
nominal voltage and the PVS operates in PDT once again.

3.2.3. Region 3 (Bulkcharge : SOC ≤ SOCMin)

When the battery reaches the minimum allowable SOC, it should not supply power to the load.
For that reason, the battery is disconnected when the operating state SOC ≤ SOCMin is reached, while
the capacitor is in charge of supplying the demanded power in such a way that the global power
balance is satisfied and the voltage level at the DC-bus is controlled. The previous condition will
be fulfilled as long as the capacitor does not reach the minimum voltage level established for its
operation (VcMin). At the same time of the battery disconnection, a warning signal is sent to indicate
that the system is operating in Region 3 and it might be de-energized. Such signal takes a value of
one (Warning = 1) when the battery reaches its minimum SOC and continues that way until the SOC
achieves a safe operating level, at which point it changes to zero (Warning = 0). That warning signal
is adapted in the management system to alert users of the equipment that they should store their data
because the system will stop supplying power for a period of time.

When the system is operating in Region 3, two operating conditions can be created: (1) The
generated power is higher to or equal than the power demanded by the load (PPV ≥ PLoad); therefore,
the system should charge the capacitor until its voltage reaches or exceeds the battery voltage in
order to connect the latter (SWBat = 1), while charging the battery until it reaches a safe recovery
level (SOCRec). Only when this condition is met, the warming is off (Warning = 1) and the system
starts to operate in Region 1. (2) The generated power is lower than the power demanded by the load
(PPV < PLoad). If the capacitor reaches its minimum voltage in this condition, the load is disconnected,
while the battery is kept disconnected until the capacitor reaches a voltage level equal or higher than
the battery voltage. When this condition is satisfied, the battery is connected, and its charge cycle is
started until its SOC is equal to or higher than SOCRec. Only when this condition is met, the load is
reconnected, the warming signal is off and the system can start to operate in OR1. It is important to
highlight that, by using the hysteresis band generated between SOCMin and SOCRec, it is possible to
avoid the connection and disconnection of the battery for short periods of time and the load connection
and disconnection when the second operating condition is fulfilled. In an operating state of variable
demand, this prevents fluctuations and continuous transients in the system. Additionally, in OR3
the PVS operates in MPPT at all times so that the maximum power is generated. The state diagram in
Figure 7 is a graphic representation of this strategy.
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Figure 7. Flowchart of the control strategy in Region 3.
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4. Simulation Results

This section describes the simulations that were conducted to make sure that each one of
the regions and operating states in the EMS are satisfied and enable the SPVS to operate adequately.
In order to simulate the components of the SPVS and the control strategies, it was employed
the specialized software PSIM. The BP585 single mono-crystalline PV panel, formed by 36 cells in
series, was selected. Table 1 presents the module characteristics in standard conditions (STC-irradiance,
1 kW/m2; and cell temperature, 25 ◦C). To estimate the module parameters, the mathematical
formulation proposed in [56] and the data in standard conditions were used. Changes in the irradiance
and temperature are also considered by changing the short-circuit current of the PV source model,
which is a common simulation practice as it is reported in [56]. It must be highlighted that the adopted
PV model is also valid for representing modules currently available at the market, which exhibit
characteristics similar to the ones of the PB585 module, e.g., M36PCS (85 W), P36PCS (85 W),
among others. The nominal voltage of the lithium-ion battery (used to form the ESS) was 12V,
with three cells in series, one set of cells in parallel, and a nominal capacity of 5.2 Ah. The limits
SOCMax = 0.9 and SOCMin = 0.1 were defined in the management strategy to extend the lifetime
of the device [57]. Additionally, for an adequate transition from Region 3 to Region 1, the EMS
implemented a SOCRec, which was specified in each test scenario.

Table 1. Parameters of the BP585 panel.

Parameters (STC) Value

Open circuit voltage (Voc, STC) 22.1 V
Short circuit current (Isc, STC) 5 A

MPP voltage (VMPP, STC) 18.0 V
MPP current (IMPP, STC) 4.70 A

Voc temperature constant (αVoc) −0.088 V/◦C
Isc temperature constant (αIsc) 0.047%/◦C

Number of cells (Ns ) 36

Estimated Parameters (STC)

Iph (A) 5
Isat (nA) 2.808

Ideality factor of diode (η) 1.121
Rs (Ω) 0.227

Rp (kΩ) 2.029

The parameters of the different elements that formed the control strategies and the converters used
to design this SPVS are described in the references cited in Section 3. For a better understanding and
analysis of the results obtained by the proposed EMS, this section starts with the validation of each one
of the operating regions considering the variation in photovoltaic generation and the power demanded
by the load. For that purpose, it was necessary to use short simulation times and an analysis of
the transients of each OR and their transitions, as well as the DC-bus voltage. Finally, a 24-h test scenario
was defined (with load and solar irradiation variations sensed by a laboratory of the Universidad
Nacional de Colombia, located in Medellín-Colombia) to evaluate the behavior of the SPVS in all
the operating regions.

4.1. Simulation and Validation of the Proposed Operating Regions

This subsection analyzes each operating region in order to validate all the conditions and
constrains considered in the proposed EMS. For that purpose, the EMS parameters were adjusted
as follows.

The capacitor was calculated by analyzing the behavior of the PVS when PDT was applied in
the presence of the battery and an irradiance of 1000 W/m2; thus, obtaining the scenario of maximum
power in which the capacitor will operate. After analyzing the results of this scenario (see Figure 2),

93



Sustainability 2020, 12, 1219

Pc = 10 W was defined so that the capacitor had sufficient power to assume the power excess
generated in this operating mode. The maximum voltage drop of 1 V was also considered for a time of
1 s, which requires a 0.833 μF capacitor. Based on the capacitor calculation, the values VcMax = 18 V,
VcMin = 5 V, and (ΔVc = 1 V) were assigned. It is considered a margin of 60% (upper limit) and 50%
(lower limit) of the nominal voltage of the battery in order to establish the voltage levels in this EMS
and offer an adequate power level in the capacitor. It is important to highlight that the capacitor voltage
limits vary depending on the specific equipment and manufacturer. In addition, it was considered
ΔVPV = 0.2 V as the voltage rate in the power control strategy of the PVS and assigned a value of
SOCRec = 0.10005 as the recovery SOC of the battery. These values were selected in order to validate
the operating states in a short period of time and analyze the transients generated by the fulfillment
of the conditions as well as transitions from one OR to the next. Finally, each one of the proposed
scenarios has an initial load, PVS power generation, and variable power demanded by the load so that
all the states and regions in the EMS can take place. Note that all the test scenarios in this work use
the same minimum and maximum SOC limits previously defined.

4.1.1. Region 1 (Normal : SOCMin < SOC < SOCMax)

This subsection describes different test cases in the same scenario, in which power generation
and demand in the SPVS are changed to test the conditions established for the system operation in
Region 1 (normal) and Region 2 (overcharge). Figure 8 presents this test scenario, describing the system
dynamics under the proposed EMS. PVS power generation was divided into three levels. The first level
was generated by a solar irradiance of 1000 W/m2, which resulted in approximately 84 W produced
by the PVS. At t = 6.2 s, a 40% reduction (400 W/m2) was applied, and the PV generated 50 W
after that. Finally, another 40% reduction (400 W/m2) was applied at t = 6.5 s, which generated
a total drop of 80% in the maximum irradiation from the start of the test scenario until the time
under analysis. Thus, the final power delivered by the PVS was approximately 16 W. Additionally,
this scenario considered the variation in the power demanded by the load, which was 20 W at t = 0 s,
90 W at t = 2 s, and, finally, 30 W at t = 3 s. The time interval between seconds 4 and 5 presents
a load increase with positive slope from 30 W to 50 W, which is maintained until t = 6 s. Finally,
the load drops to 30 W from t = 6 s to the end of the period under analysis. The previous scenario
of PVS generation and power demand by the load is defined in such way that transitions between
ORs 1 and 2 occur and the PVS operates in PDT and MPPT. The test simulation was divided into
5 time intervals for a correct interpretation of the test scenario as well as the PVS behavior based
on the different variations. The intervals represent a scenario where power generation and demand
change, one exceeding the other.
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Figure 8. Power demanded and generated by the SPVS: test system in Operating Region (OR)1
and OR2.

To validate the operation of the proposed EMS in OR1, the battery SOC started at 0.5 so that,
during the entire simulation time, the EMS stayed within the ranges assigned to operate in this
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region. Figure 9 presents the behavior of the system when load and demand variations were applied.
Remarkably, the PVS operated in MPPT at all times, keeping the battery and load connected throughout
the simulation, while the battery was in charge of supplying and storing the excess power generated
by the PVS so that a global power balance could be achieved. The subfigure that presents the voltage
assigned to the PVS by the DC/DC converter shows the way the EMS modified that voltage as
the irradiation on the panel varied (fell), always staying in MPPT mode. This validates the correct
operation of the external control strategy applied to obtain the maximum power from the PVS.
Moreover, it was proved that the management strategy selected to control the ESS could be used
to control the DC-bus voltage, always keeping the voltage near its nominal value (VDC = 48 V),
and the power demanded by the load is supplied and absorbed without affecting the MG operation.
In this test system, the power flow supplied by the ESD is provided by the battery, since the switch
of the ESD is closed (please refer to Figure 4 to check the switch). The voltage peaks in DC bus are
associated with strong variations in the demand, which are mitigated by the control strategy. This test
scenario does not consider the transition to other ORs because that is validated in ORs 2 and 3.
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Figure 9. Energy Management System: Test system in OR 1.

4.1.2. Region 2 (Overcharge : SOC ≥ SOCMax)

In order to validate the conditions proposed for OR2, the same test system presented in Figure 8
was used. The validation of the correct operation of the EMS is presented in Figure 10, which details
the control actions performed by the EMS in different operating and demand scenarios of OR2
divided into time intervals based on variations in load and PVS generation. The waveforms of battery
SOC and voltage demonstrate that, during most of the simulation time, the system operated with
SOC ≥ SOCMax and the battery was disconnected, while the capacitor was in charge of supplying
and storing the excess power required by the system to achieve the global power balance. As a result,
the sub-cycles of the battery associated with the operation in PDT in this OR could be eliminated.
In Interval 1, the generated power was higher than the demand of the system and, because the SOC
level was lower than the maximum established limit, 0.9 (SOC = 0.89995), the system started operating
in OR1. As the simulation progressed, the battery was charged until it reached the maximum allowable
limit for the SOC at t = 0.36 s. When this happened, the operation of the system changed to OR2,
the battery was disconnected, and the PVS system was operated in PDT. This can be observed in
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the graph that illustrates the voltage of the battery and the voltage assigned by the converter to
the PVS (PV voltage). This operating mode continued until Interval 2. The capacitor voltage shows
that this device was in charge of supplying and storing the excess power associated with the PDT
during Interval 1, when the system operated in that mode. In Interval 2, the power state in the SPVS
changed: the demanded power was higher than the power generated by the PVS. For that reason,
the photovoltaic system changed to operate in MPPT at t = 2 s, reducing the PV voltage so that
the power required by the load was delivered. Because the power generated by the PVS was not
sufficient to cover the load demand, the capacitor should have compensated for that deficit. During this
entire interval the battery was disconnected because the system did not meet the conditions to change
operating regions.

Figure 10. Energy Management System: test system in OR2.

In Interval 3, the load conditions led the system to operate in PDT once again, increasing
the voltage of the PVS until it reached an adequate power level. Because the capacitor should
have delivered the power difference in this operating mode, its voltage started to drop (as can be
seen from the voltage waveform), keeping the battery disconnected. Interval 4 presents different
load levels, which were correctly managed by the EMS. In the simulation, the 4 s ≤ t ≤ 5 s interval
exhibited a step-shaped load increase during which the PDT never lost control over the generation
and immediately adapted to such an increase. This produces voltage dropped in Vpv and, as a result,
the power generated by the PVS rose in a controlled manner. In that interval, the DC-bus presented
higher voltage fluctuations than in other intervals in the test scenario, to which the capacitor and
the management strategy responded adequately. After t = 5 s, the load was constant (PLoad = 50 W)
until t = 6 s, while the system was operating in PDT with a disconnected battery without any problem.
At t = 6 s, the demanded power dropped to 30 W, because the PDT conditions were maintained,
and the system continued operating in this OR without any problem. Additionally, Interval 4 presented
a drop in SR, which had an impact on the power generated by the PVS and resulted in an immediate
reduction in power produced by the PV panel. During the first power reduction, which occurred in
the 6.2 s ≤ t ≤ 6.4 s interval, the power generation stayed above the power demanded by the load;
for that reason the PVS operateed in PDT mode at all times. Note that, although the reduction in
power generated by the PVS was important, the EMS was not affected at all, correctly responding by
reducing the reference voltage of the PVS. Nevertheless, charge and discharge power fluctuations were
produced in the capacitor, although smaller than those generated during the step-shaped increase
in the load in the 4 s ≤ t ≤ 5 s interval. Finally, a second drop in SR took place between Intervals
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4 and 5, 6.5 s ≤ t ≤ 6.7 s, which caused the power generated by the PVS to drop below the power
demanded by load at t = 6.6 s. The PVS then changed from PDT to MPPT mode. The EMS for OR2
maintained the system in that OR until the capacitor reached the battery voltage at t = 6.8 s, satisfying
the condition for battery reconnection in Interval 5. For that reason, the SPVS started to operate in
OR1, while the battery SOC noticeably fell since t = 6.8 s until the end of the simulation. Remarkably,
in the entire test scenario, the operating voltage of the DC-bus was maintained near its nominal voltage
(VDC = 48 V), with a maximum variation of 0.72%.

The test scenario in Figure 10 does not show the charge/discharge action of the capacitor when
the maximum and minimum limits are reached. For that reason, Figures 11 and 12 present the behavior
of the system when forced into these two operating states in order to demonstrate the adequate
operation of the system and the satisfactory performance of the proposed EMS. Figure 11 illustrates
a scenario where the capacitor reaches VcMax when the PVS is operating in PDT. Thus, we assigned
an initial voltage (Vc = 18.1), SOC ≥ SOCMAX, and the power demanded by the load (40 W). These
conditions forced the system to discharge the capacitor to a safe voltage level (Vc = 17 V in this case).
For that purpose, the EMS operated the system in Voc until the capacitor voltage reached the safe level
established by the control strategy, thus generating PPV = 0 W and forcing the capacitor to supply
all the power required by the load. When the capacitor reached the safe voltage level, the system
switched modes to operate in MPPT at t = 0.388 s until it reached the required power level to continue
operating in PDT at t = 0.397 s, which can be seen in the graph of PVS, load, and capacitor power.
Figure 11 presents the voltage levels assigned by the control strategy (reference) and the converter to
the PVS, as well as the stabilization of the capacitor voltage in the levels assigned by the EMS. Note
that if (while the capacitor is being discharged) the system changed the load conditions and it was
necessary to switch to OR1, this would only occur if the capacitor voltage equals that of the battery.
This was guaranteed by the condition for the transition from OR 2 to OR1 in Figure 6.

Figure 11. Control strategy to reduce the power generation in the PVS in order to discharge the capacitor
when Vc ≥ VcMax in PDT mode.

Figure 12 illustrates the test scenario in which the capacitor reaches the minimum voltage limit
allowable in OR1, with the PVS operating in PDT. In this scenario, the load power was 40 W and
SOC = 0.91, thus generating VBat = 11.94 V. In order to violate the minimum voltage limit
(Vc < VBat − ΔVc), an initial voltage of 10.92 V was assigned to the capacitor so that the system
charged it. Due to the previous conditions, the power graph of the devices in Figure 12 shows that
the system, when the simulation started, immediately operateed in MPPT until the capacitor reached
the minimum allowable voltage level to operate in PDT in OR2 at t = 0.242 s, when it d to PDT
Vc ≥ VBat. Importantly, the power to charge the capacitor was extracted from the excess power of
PVS generation. Additionally, the figure of the voltage levels in this test scenario presented different
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voltage signals that can be used to interpret the way the system worked when the capacitor was
charged in OR2. At the start of the simulation, the capacitor voltage was under the allowable level,
i.e., a volt below that of the battery voltage (ΔVc = 1 V) . For that reason, the voltage assigned to
the PVS by the control strategy resulted in the system operating in MPPT until the capacitor voltage
equals that of the battery at the moment of the disconnection. After that point, the system operated in
PDT again until the load and generation conditions in the SPVS changed.

Figure 12. Control strategy to increase the power generation in the PVS in order to charge the capacitor
when Vc = VBat − ΔVc in PDT mode.

4.1.3. Region 3 (Bulkcharge : SOC ≤ SOCMin)

In order to validate the adequate system operation in OR3, this subsection proposes two test
scenarios to study the conditions that can exist when the SPVS works in that region. Figure 13 shows
the test scenario that represents the operating condition in which the battery reached the SOCmin
and the power of the PVS changed to PPV ≥ PLoad. Such a scenario considered an initial SOC of
SOC = 0.100025 and SOCRec = 0.10005, and the system started to operate in OR1. Additionally,
the power generated by the PVS (PPV = 84 W) was constant and the power demanded by the load
was variable. More specifically, the load started with a demand of 120 W and, as a result, the system
changed from OR1 to OR3 at t = 0.104s. When the SPVS changed to OR3, the warning signal
took a value of 1, which indicated the users that the system may have been close to a complete load
disconnection. After t = 0.2 s, the power demanded by the load decreased (PLoad = 60 W) until
t = 1.6 s. Due to that drop in the load, the power state of the system changed (PPV ≥ PLoad), and as
a result, the capacitor started to charge. When the condition Vc ≥ VBat was satisfied at t = 0.806 s,
the EMS reconnected the battery and started the charging process. Importantly, only when the SOC
reached the recovery level at t = 1.446 s the system started to operate in OR1. At that point,
the warning signal took a value of zero, which indicated there was no risk of load disconnection
anymore. Finally, in OR1 there was a load increase (PLoad = 60) W, but the system continued
operating without any problem and storing the generated excess power in the battery. Note that,
during the entire test scenario, the system operated in MPPT to take advantage of the power generated
by the PVS and escape the bulk charge condition.

In this simulation the EMS maintained the voltage level of the DC-bus approximately equal to
the nominal voltage (VDC = 48) V, presenting maximum variations of 4.5% and 0.2% on average.
Remarkably, the strongest voltage fluctuations were caused by variations in the power demanded by
the load, under which the sliding-mode control strategy used for the batteries offered an excellent
performance, as can be seen in Figure 14.
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Figure 13. Test system in OR3 (operating condition (PPV ≥ PLoad)).
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Figure 14. Voltage of the DC-bus test system in OR3 (operating condition (PPV ≥ PLoad)).

Figure 15 presents a test scenario to validate the operating conditions when the load is
disconnected. Such a scenario considers an initial SOC of 0.100025 and SOCRec = 0.10005. As in
the previous scenario, the power generated by the PVS (PPV = 84) W was considered to be constant
and the power demand by the load, variable. The systems started its operation in OR1, with a power
demand of PLoad = 120 W; for that reason, it changed to OR3 at t = 0.036 s. Immediately after
the SPVS changed operating regions, the battery was disconnected and the warning signal took
a value of 1, indicating load disconnection risk. At the same time, the capacitor started its discharge
process, which was accelerated at t = 0.4 s due to an increase in the power demanded by the load
(PLoad = 140 W). At t = ‘0.507 s, the capacitor reached its minimum voltage limit (Vc ≤ VcMin);
for that reason, the load was disconnected and the charging process of the capacitor was started. When
the capacitor reached the battery voltage at t = 1.021 s, the latter was reconnected and its charging
process was started until it reaches the SOCRec. When the recovery SOC was reached at t = 1.28 s,
the load was reconnected with a value of PLoad = ‘140 W, thus forcing the system to operate in OR1.
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At that time the warning signal took a value of zero, indicating the end of the disconnection risk.
During the remaining simulation time, the SPVS operated in OR1 while the battery was supplying
the missing power to the load. In addition, the excess power produced by the reduction in the power
demanded by the load (PLoad = 80 W) at t = 1.6 s was stored. In this test scenario (as in the previous
one), the PVS operated in MPPT all the time, correctly following the reference voltage assigned by
the control strategy of the DC/DC converter.
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Figure 15. Test system in OR3 (with disconnected load).

Regardless of the load and battery disconnection, the capacitor maintained the voltage level in
the DC-bus constant. The bus exhibited high voltage variations when the load was connected and
disconnected, which were correctly mitigated by the adopted control strategy. The capacitor dealt with
the excess power associated to the control of the DC-bus when the load was disconnected (t = 0.507 s),
and the battery was responsible for managing such power when the load was reconnected (t = 1.285
s). This situation can be seen in Figure 16.
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4.2. 24-h Test Scenario

After the correct operation of the SPVS was validated in each one of the operating regions defined
in the proposed EMS, a 24-h test scenario was defined using the irradiation values reported by NASA
for the University Nacional de Colombia located in Medellín, Colombia, [58] and the same PVS and
operating conditions as in the previous power generation tests. Moreover, such scenario uses a power
curve that represents the typical behavior of a residential building in the location under study [59].
The power levels were adjusted to observe the different operating regions proposed in this work;
Figure 17 presents those values. Because the simulation times in this scenario were longer than
in the previous subsection, the EMS parameters were adjusted: for the calculation of the capacitor,
Pc = 10 W was considered, as well as a maximum voltage drop of 1 V, and a discharge time t = 60 s.
Those values result in a 49.9 F (almost 50 F) capacitor. In addition, a VcMax = 18 V, VcMin = 5 V,
and (ΔVc = 1) V were defined. For the PVS voltage rate, the control strategy considered δVPV = 1 V.
Finally, SOCRec = 0.2 was established to create an adequate hysteresis band (10% of the SOC) and to
avoid multiple transitions between OR1 and OR3.
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Figure 17. PV generation and power demanded by the load in a 24-h scenario.

Figure 18 presents the results obtained when the EMS was applied in the power and demand
scenario described in Figure 17. The analysis begins at hour 6, when the system started with
SOC = SOCMin and, for that reason, it entered in OR3, disconnecting the battery and producing
the load disconnection. Because the solar irradiance was not available, power was not generated
at that time. Nevertheless, the PVS operated in MPPT mode waiting for an increase in irradiance.
The previous operating condition was maintained until hour 7, when the PVS started to generate
power due to an increase in the irradiance. First, it charged the capacitor and then connected the battery
when Vc ≥ Vbat at t = 7.67 h. The voltage waveforms of both the battery and the capacitor show that
the battery charging process started after that point. At t = 8.64 h the battery reached SOCRec = 0.2;
therefore, the load was connected and the SPVS moved into OR1, keeping the PVS operating in MPPT.
Noticeably, in this state, the excess power and power requirements were managed by the battery
without any inconvenience. At t = 12.10 h the battery reached SOCMax = 0.9; for that reason,
the system moved to OR2, which caused the PVS to switch modes to PDT and the immediate
disconnection of the battery, while the capacitor was in charge of supplying and absorbing the excess
power associated with PDT mode. At t = 12.60 h the capacitor reached the maximum voltage
limit allowable in OR2; as a result, the EMS set the PVS to operate in open-circuit voltage so that
the capacitor was forced to supply the power required by the load and reach an adequate operating
voltage level using the ΔVc previously established. This can be seen in the sub-figures of both battery
and capacitor voltage and the power of the elements in the MG. In the 13.07 h ≤ t ≤ 13.93 h interval,
it is observed that the EMS did not allow the capacitor to violate the voltage drop limit established
above, (ΔVc = 1) V, forcing the capacitor to charge up to battery voltage every time that limit was
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reached. This was achieved using the transition of the PVS from PDT to MPPT, which led to an increase
in the power generation in the PVS, and the excess power was injected into the capacitor to charge
it (see Power sub-figure). In the 13.93 h ≤ t ≤ 16.09 h interval, the system operated in PDT, while
the capacitor was responsible for guaranteeing the global power balance operating in accordance with
the conditions defined for OR2. Due to the reduction in generation after hour 13, the system met
the conditions to change to OR1 at t = 16.10 h; and in that instant the capacitor reached the voltage
level of the battery, and the battery was reconnected. From that moment on, the PVS operated in
MPPT, while the battery was responsible of supplying the excess power needed to serve the load due
to the reduction in PVS generation. The battery SOC started to decrease until t = 18.53 h, when it
reached the minimum allowable limit; consequently, the system changed to OR3. Due to the amount of
power demanded by the load at that time, the capacitor was taken to the minimum allowable voltage
limit and, as a result, the load was disconnected. After that instant, the capacitor started to charge by
absorbing the small amount of energy generated by the panel, reaching the voltage of the battery at
t = 19.23 h (when the latter is connected). When the battery was reconnected, the power generated by
the PVS was limited by the low irradiance, and the battery did not reach the SOCRec; for that reason
the load remained disconnected until hour 6. The bottom sub-figure in Figure 18 presented the warning
signal of the system, which was activated every time the system entered OR3 and deactivated when
the recovery SOC was reached, it forced the system to enter in OR1. The simulation demonstrated
the correct operation of the warning signal in the scenario under analysis.

Figure 18. 24-h test scenario.

5. Conclusions

This work proposes an energy management strategy applied to a stand-alone DC microgrid
formed by a PVS, a battery, a not-critical DC load, and a capacitor as a backup storage element.
Such EMS manages the connection and disconnection of the battery and the load, as well as
the generation of the photovoltaic system and the ESD charge/discharge process, in order to guarantee
the power balance and the operation of the system within allowable technical limits, thus increasing
the lifetime of the devices that form the MG. The validation of the proposed EMS demonstrated that,
by implementing a backup energy storage element (in this case a capacitor) and PVS generation control,
load disconnections and inappropriate use of the main storage device can be reduced. Furthermore,
using the auxiliary capacitor, the charge and discharge sub-cycles produced by the PDT control strategy
can be eliminated. Those advantages extend the battery lifetime and reduce the costs associated
with the maintenance and disconnection of the microgrid. In addition, the installation of SPVSs
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with the proposed EMS, into education buildings, allow to reduce the energy purchasing from
the utility grid, the dependency of fossil fuels to reduce the environmental impact, and also reduce
the operational complexity of the system in comparison with systems based on other renewable
resources, e.g., wind generation, small scale hydroelectric, among others. The main limitation of
the proposed solution is the total load disconnection; hence as future work, the fragmentation
of the load or the integration of multiple critical and non-critical loads into the microgrid will be
considered. Those considerations allow the implementation of more complex load shedding strategies,
multiple generation and storage systems integration to improve the energy storage capacity of the MGs.
Moreover, microgrids could be connected to electrical grid where possible, thus enabling a cheaper
energy dispatch that enhances the financial impact of the microgrid and improves the quality of
the service provided to final users.
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Abstract: Several factors impact the energy use of university campus buildings. This study aims to
benchmark the energy use in universities with Mediterranean climates. The University of Almeria
campus was used as a case study, and different types of buildings were analyzed. The second goal
was to model the electricity consumption and determinate which parameter correlate strongly with
energy use. Macro-scale energy consumption data during a period of seven years were gathered
alongside cross-sectional buildings information. Eight years of daily outdoor temperature data were
recorded and stored for every half hour. This dataset was eventually used to calculate heating and
cooling degree-days. The weather factor was recognized as the variable with the greatest impact on
campus energy consumption, and as the coefficient indicated a strong correlation, a linear regression
model was established to forecast future energy use. A threshold of 8 GWh has been estimated as the
energy consumption limit to be achieved despite the growth of the university. Finally, it is based on
the results to inform the recommendations for decision making in order to act effectively to optimize
and achieve a return on investment.

Keywords: benchmark; campus energy consumption; heating and cooling degree-days; energy
model; occupancy rate

1. Introduction

Fuel constraints are a relevant issue in both industrialized and developing countries and are
related to energy prices and accessibility of energy services [1]. Public buildings such as universities,
schools. and hospitals are challenged to manage the exponential growth of their energy demand
and transform their buildings into energy efficient ones. The design of buildings should logically be
adapted to the lowest energy consumption levels, but in most cases, it is necessary to focus on existing
buildings [2]. Therefore, the reduction of both energy consumption and CO2 emissions from buildings
is one of society’s main targets today [3]. In Spain, there is a climatic classification according to the
technical code of the building that contemplates these issues, which has been mandatory since 2006 [4].
Acting as models for communities, universities are supposed to provide innovative solutions through
research in order to support the sustainability and reduce the carbon footprint [5]. One of the key
operating aspect for universities is related to enhance students and teachers comfort levels, which may
have a significant effect on their performance [6]. Visual, acoustic, and thermal comforts should not
be considered as luxuries but rather as basic standard for schools [7]. However, maintaining indoor
quality will eventually lead to a significant growth of electricity consumption; therefore, transforming
university locals into energy efficient ones is a necessity. To ensure that these locals have optimal
energy performance, researchers and professionals have developed management systems such as
energy benchmarking and energy audit [8].
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The energy benchmarking technique allows us to compare the energy consumption of buildings
by dividing the key performance metric by gross floor area [9]; this index is usually expressed in
(kBtu/ft2/yr or kWh/m2/yr), and it is labeled as Energy Use Intensity (EUI) or Energy Intensity (EI).
This gives the opportunity to the portfolio manager to track the key performance metric overtime [8].
EUI is expressed as energy per square meter per year. It is calculated by dividing the total energy
consumed by the building in one year by the total gross floor area of the building. The main benefit of
using EUI is that the performance of a building can be compared with similar buildings across the
country. EUI can vary significantly depending on building type; therefore, it is necessary to calculate it
in buildings used in which there is no data so far. Energy audit is a tool that allows building owners
and managers to determine which energy efficiency measures meet their sustainability goals and their
investment return criteria [10]. The energy efficiency directive (201/27/EU) requires the auditing of
the energy performance of old schools to assess them and propose future retrofitting if necessary [11].
In Italy, over 28% of schools are energy inefficient [12]. A previous experiment executed an energy
management program in a high school located in Dubai, UAE [13], and its results show that energy
performance can be basically improved by 35%. Many evaluation programs for green schools have been
designed to assess managers towards sustainable solutions, like the program whole-school approaches,
this initiative integrated different elements of school life such as governance, pedagogical methods,
curriculum, resource management, school operations and grounds [14]. In the case of the University
in Spain, particular studies have been carried out for the Universidad Politecnica de Valencia (UPV)
in order to predict electricity consumption patterns in buildings [15] or the use of algorithms using
demand and generation forecasts and costs of the available resources, so the benefit obtained in a whole
year is five times higher, with a percentage of participation in demand response programs (DRPs),
which is accepted as 60.27% or higher [16]. At this same university, with the use of energy efficiency
measures (EEMs), in three different types of buildings (a research building (Building 8G), a teaching
and staff building (School of Telecom Engineering building 4P), and a greenhouse building 8I-8J), the
savings representing about 10% of total annual energy consumption [17].

HVAC and lighting systems have drastically changed in the last decade. Today, they incorporate
sophisticated sensors and computer networking programs to monitor and adjust building systems
and energy usage. These new technologies are called building automation systems, and they control,
monitor, and collect data on the buildings performance technology [18,19]. University campuses
serve different functions by providing spaces such as teaching rooms, academic offices, laboratories,
restaurants, and sport facilities. This research outlines the classification of categories by their ECs
and EUIs. The building category that influences substantially the overall EC of the University by 47%
even though it covers only 27% of its total GFA. This category is the science and research category,
and it is also the most energy intense by an average EUI 119.5 kWh. Similar results were reported
by a study that was ran to support the ASHRAE standard 100. It has determined the EUI median
for 18 major categories by climate zone in the USA, according to CBECS 2003. The national median
of the laboratory has the highest energy intensity on a university campus (98 kWh/m2). Our case
study provides an opportunity to treat a diverse dataset of buildings. A study carried out in Australia
reported that laboratory energy intensity was the highest among other categories, and it was three
times higher than non-laboratory buildings [20]. In addition, another study divided laboratories into
different classes of science, applied science, and intervention, and the results show that the HVAC and
electric appliances load, as well as the long operating hours, are the main reasons behind the high
energy consumption of this category [21].

The quantity of energy used in universities can change from a country to another, as a recent
study in Taiwan has demonstrated that gross domestic product (GDP) of the country has a positive
correlation with the energy consumption [22]. Furthermore, a study carried out by Catherine and
Byrne et al., (2014) summarized the major factors that significantly impact university buildings’ energy
use are as follows: occupancy rate, HVAC load and artificial lighting, number of computers and electric
equipment, and weather conditions [23]. The influence of these various parameters on the energy use
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and their correlated relationship to each other define the stochastic nature of the EC. This paper focused
on two parameters—weather and the size of the active network inside the campus. The choice of those
variables was made based on an energy survey that was conducted inside the campus and the analysis
of energy consumption patterns over the last eight years. Unlike many previous studies that focused
on modeling the occupant behavior and its influence on the EC, this study tested the impact of the
network on a yearly basis. We gathered the number of occupants active inside the university, including
the number of students, professors, and administrative staff, and since this parameter varies during
the academic year, we had to line up the two other parameters in order to have them all on the same
sequence. Then, we tested the correlation with both variables (the number of occupants and the sum
of CDD and HDD) with macro-scale energy data. On the other hand, energy benchmarking seeks to
give a reference value by defining reliable indicators, we split the buildings portfolio by the following
six categories: research, administration office, teaching and seminary room, library, sport facility, and
restaurants. This will allow us to benchmark within the same category and identify the benchmark
value of each category. These values could be used in the future to define a national baseline for
universities or in the Mediterranean region. As the majority of studies have proven that outdoor
conditions are the main variable that influences energy use, in this study, we will test the correlation
of the total EC with the size of network from one side and with the sum total of the HDD and CDD
during each academic year. Moreover, identifying the variable that has the strongest correlation is
primarily in order to take suitable actions to achieve better energy management.

2. Materials and Methods

The University of Almeria is a Spanish Public University located in the south coast of Spain, with the
coordinates of latitude 36◦49′45”N and longitude −2◦24′16”E, see Appendix A. The university campus
spreads on a surface of 17 hectares and has 33 buildings (see Figure 1). In the 2018–2019 academic year,
the university offered 38 different degree programs, with 883 lecturers and 13,547 students.

 
Figure 1. The University of Almeria ground plan.

Almeria is a coastal city located on the southern region of Spain, the climate is particularly arid
and semi-continental, with relatively dry warm winters with an average temperature at 16◦C (60 ◦F)
and hot summer with an average temperature of 28◦C (80 ◦F). The most daily sunshine hours are
scored in July and the wettest month is January with an average of 30mm of rain and an annual average
percentage of humidity of 61.0% [24,25].
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The dataset used in this analysis consists of (1) daily outdoor temperature scored every half hour
during the last eight years, (2) Total energy consumption on a monthly basis and gross floor area
data from 2011–2018 (Table 1), (3) campus buildings’ energy consumption data during the last three
years 2016–2018 (Table 2), (4) the average EUI within each category (Table 3), (5) Building energy
performance classification of all the buildings by category (Table 4), the number of students, professors,
and administration staff per academic year (Table 5). Figure 2 outlines the methodology flow chart,
starting from defining objectives to collecting data to developing results.

Table 1. Monthly evolution in energy consumption of the university campus per year.

Campus Monthly EC (kWh)

Month/Year 2011 2012 2013 2014 2015 2016 2017 2018

January 722,623 717,867 706,880 708,499 765,785 702,918 773,539 770,454
February 689,088 746,940 672,895 657,712 737,049 693,787 652,036 725,147

March 729,218 685,622 681,843 689,979 728,747 666,108 706,072 716,676
April 573,686 571,444 630,393 597,792 640,762 644,299 580,052 680,127
May 700,648 687,262 644,661 667,437 717,944 672,034 713,215 730,265
June 762,909 765,368 656,218 696,597 798,527 761,444 936,273 740,233
July 737,705 724,290 707,900 703,602 877,181 776,462 801,608 704,690

August 550,274 527,979 487,813 513,183 597,359 545,341 617,208 608,966
September 760,301 6933 731,827 753,425 785,407 837,467 821,574 645,724

October 693,375 654,832 727,983 710,872 721,047 742,409 780,345 699,640
November 640,273 632,938 647,683 671,644 623,533 685,437 705,548 757,993
December 621,586 629,833 627,630 683,565 616,653 645,593 691,188 872,744

Table 2. Space category, energy consumption, and gross floor area.

Space
Category

Building
EC (kWh/year)

GFA (m2)
2016 2017 2018

Administration
Office

1 226,192 220,042 239,366 5880
2 329,354 331,988 320,119 11,430

18 64,759 63,880 62,840 2620
19 196,189 208,161 188,432 8290
20 64,553 56,955 56,261 2450
21 104,633 129,335 122,294 4605
8 141,530 143,240 144,591 3994

Teaching and
Seminary

Room

3 300,566 330,608 327,658 5585
5 120,802 137,864 142,172 5611

15 107,047 119,255 123,319 4118
12 137,493 161,042 152,614 6016
4 13,273 13,938 16,132 12

23 156,424 168,703 151,046 6,605
27 296,197 362,304 369,768 8,618
11 68,441 59,409 51,887 3,089

Research
Building

9 176,596 178,167 156,995 5487
30 812,983 809,544 842,943 4301
28 388,289 384,574 361,428 4828
29 734,370 788,962 796,318 4975
16 156,650 186,889 150,348 2100
31 294,533 246,824 199,478 1072
24 280,959 465,018 478,491 3089
13 735,213 767,650 691,523 12,341

Library
Building

26 905,166 19,215 947,826 16,194
32 2311 213,344 202,611 2026

Sports
Facilities

10 257,182 155,856 306,779 5548
7 89,013 76,623 78,963 3280

17 49,892 38,184 32,967 547

Restaurant
Buildings

33 42,169 41,811 61,249 1190
6 43,690 52,910 62,919 1280
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Table 3. Average energy use index per year and average energy consumption of each space category.

Building Category Average EUI (kWh/m2 ·Year) EC (kWh)

Research 119.50 3,694,915
Library 82.67 1,169,721

Sport facilities 47.30 361,820
Restaurant 41.11 101,583

Teaching and seminary 28.99 1,295,988
Administration Office 28.78 1,38,239

Others - 28,007
Public Lighting - 416,812

Table 4. Building energy performance classification of all the buildings by category.

Building Category
Energy Performance Classification

Poor Practice <===> Best Practice

Research 31 30 29 24 16 28 13 9

Library 32 26 - - - - - -
Sport facilities 17 10 7 - - - - -

Restaurant 6 33 - - - - - -
Teaching and seminary 3 4 27 15 12 23 5 11
Administration Office 1 8 2 21 18 20 19 -

Table 5. Inputs and outputs used for the correlation analysis and regression model.

Academic Year CDD & HDD (◦C) N of Occupants
N of Staff

EC (kWh)
N of Professors N of Administrative Staff

2011–2012 1456.30 15,062 475 806 8,142,307
2012–2013 1225.90 14,978 476 698 7,799,209
2013–2014 1091.20 15,234 477 732 7,969,924
2014–2015 1449.40 15,295 475 752 8,682,860
2015–2016 1220.40 15,417 468 791 8,209,033
2016–2017 1398.80 15,392 464 780 8,690,909
2017–2018 1417.70 15,680 468 809 8,675,213
2018–2019 1664.20 15,166 482 883 8,453,842

Figure 2. Methodology top-down chart.
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Correlation Approach

There is a lack of data for most of the electric components and the physical characteristics of
the university buildings (building materials, building geometric sizes). Thus, the given data set of
observations gives us the opportunity to establish a statistical approach that allows us to measure the
relationship between two variables by defining there correlation coefficient, which will provide us with
a straightforward interpretation of the two variables on the overall electricity consumption on a yearly
basis. This method relies on historic values of overall energy consumption and background knowledge
of the input variables that influence perception. In this case study, we define the first explanatory
variable occupancy rate as the total number of students, professors, and administration staff for the
academic year. If we get a weak correlation, we proceed by dividing the number of occupants into two
groups, students and staff (professors and administration staff), and then test them separately. The
second explanatory variable is the weather explanatory variable, defined as the sum of the heating and
cooling degree-days during one academic year; its unit is in degrees Celsius.

Heating and cooling degree-days (HDD and CDD) are defined as the differences between the
average daily outdoor temperature T(o/d) and corresponding base temperatures Tb [26]. The base
temperature for heating and cooling is different from place to place. It also depends on the type
of building (household, administration, hospital). In this case study, the CDD temperature base is
(T(b, CDD) = 28 ◦C) and the HDD temperature base is (T(b, HDD) = 14 ◦C). These assumptions are
based on a survey conducted inside the campus [24,25]. Note that the temperature base values indicate
the outside temperature, and there is usually a minimum of two degrees of difference between the
inside and outside temperatures. We sum up both variables on a sequence of every academic year so
that it can be lined up with the quantity of interest (EC).

CDD = T(o/d) − T(b, CDD) if T(b, CDD) > T(o/d) then CDD = 0 (1)

HDD = T(b, HDD) − T(o/d) if T(b, HDD) < T(o/d) then HDD = 0 (2)

The extensive weather data set will be used in this paper to develop and validate statistical models.
The complex nature of EC inside buildings and the lack of the data of most components of buildings
drive us to a black box model that relies on a simple input and output system [27]. The statistical
model of the linear regression is set up according to the Formula (3):

Ei = b× (Xi) + a (3)

where Ei is the annual energy consumption corresponding to the academic year i, the input Xi is the
explanatory variable, b is the slope, a is the y-intercept [28].

3. Results

3.1. Benchmark Analysis

Table 3 contains values of the electricity performance metrics of all the categories in the campus,
and they are cited in Table 3 from the highest to lowest intensity. Average EUIs were calculated by
first calculating the average in the three years of each building. Then, we sum up the EUIs within
the category, and we dived them by the number of facilities of each category. The section of others
is excluded from the benchmark study because it includes three buildings (14,22,25) that represent,
respectively, a warehouse, a parking garage, and a nursery. These buildings have a weak EC, do not
have an impact on the campus EC, and do not fit into any of the major categories. The EUI averages
represent benchmark values of the cited categories in the Mediterranean climate.

Figures 3 and 4 summarize as percentages the total EC by categories and the sum total GFA by
categories. The research and science category have the biggest share by 47% of the EC, even though it
accounts for only 27% of the gross floor area (GFA), followed by the teaching and seminary category
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that accounts 17% of the EC and 26% of the GFA, the library category that accounts 15% of the EC and
7% of the GFA, the administration office category that accounts 15% of the EC and 27% of the GFA, by
the sport facilities category that account 5% of the EC and 6% of the GFA, and finally the restaurant
category that accounts 1% and 2% of the GFA. These distribution shows that there is no direct relation
relationship between EC and GFA because each category has its own characteristics.

Figure 3. Energy consumption (EC) proportion of all the categories.

Figure 4. Gross floor area (GFA) proportion of all the categories.

Figure 5 summarizes the energy consumption evolution by building category from 2016 to 2018.
The evolution of the total sum campus EC had a minimum value in 2016, then had peaked in 2017,
and had medium value in 2018. Figure 5 reveals that all the categories followed the overall trend,
except restaurant and sport facilities, where both categories account combined 6% of the total EC.
Research building EUI varies from 32.5–230.3 kWh/m2. Furthermore, its facilities include spaces like
academic offices, computer rooms, and laboratories, and those spaces are characterized by a longer
period of operation and a large number of computers, laboratory freezers, and other electric equipment.
However, the majority of research buildings have a value superior to 80 kWh/m2; the highest intensity
value—230.3 kWh/ m2—was scored by the solar energy center building (31). One of the reasons
behind this high consumption is that a lot of research takes place in the center, and the researchers
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and students working on solar chemistry and water detoxification use several compressors with high
energy consumption that cannot be powered small solar field installed on the roof of the building.
The technology of information and communication center building (30) has the second highest value
188.3 kWh/m2, and the lowest value was scored by the engineering school building (9).

 
Figure 5. Energy consumption evolution by building category.

Library building EUI varies from 62.4–105.3 kWh/m2. This category is the second most energy
intensive. Their locals include spaces like reading rooms, computer rooms, and common spaces and
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are characterized by a centralized air conditioning system, longer operating time, a high number of
occupants (especially during the exam period), and a substantial number of computers and laptops.

Sport facilities are the third biggest consumer of energy by GFA, and their EUI varies from
28.02–69.9 kWh/m2. It contains spaces like swimming pool, a covered multitask hall, and gym rooms.

Restaurant buildings had the fourth highest energy intensity, and their EUI varies from
35.13–41.34 kWh/m2. They are characterized by longer operating time and different electric equipment.

Teaching and seminary rooms had the fifth highest energy intensity, and their EUI varies from
13.59–59.2 kWh/m2. This category includes spaces like regular classrooms, computer rooms, and room
theaters, and it is characterized by a high number of occupants. Four buildings out of eight have
similar EUI values, which are close to average energy use index of this category. The lowest value
is scored by building (4), a seminary building that has a low operating frequency, while the highest
value is scored by building (3), which is an exception in this category because of its infrastructure that
includes a water pumping system to get rid of the used water for the whole campus.

Administration offices are the least energy intensive category, and their EUI varies from
23.3–32.5 kWh/m2. They include offices, meeting rooms, and common spaces and are characterized by
a low number of occupant and shorter operating time.

Figure 6 outlines the scatter plot of the average EUI during last three years. In the function of
the average EC, we can observe that only five buildings (31,30,29,24,32) have an EUI superior to the
EUI median of universities (MU) in the Mediterranean climate given by the 2003 CBECS data [9].
Twenty-five buildings from our portfolio have an energy intensity inferior than the M.U, and 19 out of
those 25 buildings are three time less intense than the k–12 schools in hot and humid zones [9]. In
addition, the scatter plot demonstrates that four buildings (30,29,13,26) have an EC greater than 7.0
× 105 kWh. These facilities belong to the research and library category. However, two of those big
consumers have EUI values bellow the MU, and the category that has shown more harmony in their
sample of buildings is the restaurant category, which include two properties that has almost identical
values in their EC, GFA, and EUI.

Figure 6. Scatter plot of energy use intensity (EUI) as a function of energy consumption (EC) by
buildings category.

Table 4 outlines the classification of energy performance of all the buildings within each category.
This classification is a useful tool for managers because it reports insights into which of the building
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should be prioritized in term of investments to achieve efficiency. Managers an divide the portfolio of
every category into three groups (poor practice, usual practice, and best practice).

3.2. Case Study

Figure 7 summarizes the campus yearly energy consumption from 2011 to 2018. The overall
energy consumption has been varying in the range of 7.93–8.8 GWh, and it has a known growth of 9%
since 2011. However, the patterns do not represent a clear trend through the calendar years; this is one
of the reasons we decided to proceed with the academic years since we have the data of the campus
monthly EC (Table 1).

Figure 7. Campus yearly consumption 2011–2018.

Campus energy consumption data on a monthly basis (Table 1) shows that the evolution over the
years is generally the same, which means that it plunges and peaks in the same period of the year.
The peaks usually happen during the months of May and June. In this period, campus buildings
make substantial use of HVAC systems, and some buildings like the library start operating for a longer
period because of the exam period. The down trend starts in October after the weather begins to be
cooler, and in the beginning of July, it plunges to hit the lowest values in August—during this period,
the campus is practically empty, and the majority of the university buildings are non-operational
because of the summer vacation.

3.3. Correlation Analysis and Regression Model

Data presented in Table 5 sums up the inputs and the outputs used for the correlation analysis
and regression model which corresponds to weather parameters (CDD and HDD), the number of
occupants (the number of students, professors, and administration staff), and the EC of the campus.

Figure 8 outlines the scatter plots of EC sum total of the campus in function of the following
variables: CDD and HDD, number of occupants, number of students, and number of staff. In the
case of the correlation of outdoor temperature with EC, EC (Kwh) = 1204.8 CDD&HCC (◦C) + 7·10 6,
its correlation coefficient of 0.72 indicates a positive correlation. According to the scatter plot of the
number of occupants, its correlation coefficient of 0.62, which also indicates a positive correlation (EC
(Kwh) = 1073.9.7 N—8·10 6). However, the remaining scatter plots represented a weak correlation,
especially for the number of students. In addition, the number of occupants is the main factor behind
the excessive consumption.
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Figure 8. Scatter plots with their correspondent coefficient of correlation.

Figure 9 outlines the linear regression model of the total EC as a function of CDD and HDD. Both
variables are statistically related because the correlation coefficient is 0.719. Figure 10 shows the energy
thresholds of good practice of the University of Almeria.

Lc =
Min1(EC)1 + Min2(EC) + Min3(EC)

3

Hc =
Med1(EC)1 + Med2(EC) + Med3(EC)

3

Figure 9. Linear regression model of EC in function of CDD and HDD.
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Figure 10. Scatter plot of the total EC in function of academic year

4. Discussion

4.1. Benchmark Analysis

Dividing campus facilities into categories allows us to compare buildings based on their utility
and to identify the category that has the lowest and largest energy consumption by GFA. The category
that scored the highest EUI average in this case study is the research and science category by an average
metric score of 119.5 kWh/m2, which is inferior to the laboratory intensity median given by CBECS
2003 data by Oak Ridge National Lab and the Department of Energy, which is 226 kWh/m2 for the
Mediterranean climate [9]. In another comparative study, which was conducted at the regional scale in
the state of California (Mediterranean climate), they showed that some laboratories scored the highest
energy intensity with a value of 909.5 kWh/m2, and it is four times bigger than the state average energy
intensity [29–31]. The results in our study have proven that this category can provide a wide range
of energy intensity, which makes it worthy of more in-depth study. The observations indicate that
the longer operation hours inside the facilities of the research and science category, its heavy plug
load materials (like ultra-low freezers and incubators), and other laboratory equipment are the reason
behind the high intensity. In addition, the high number of computers used are the reason behind the
high intensity. The second most intense category is the library category, which accounts for only 7% of
the total GFA but contributes to 15% in of total EC. The buildings in this category peak during the
months of the preparation of exams, especially in the summer session, when their EC becomes three
times higher, unlike the teaching and seminary rooms, which have a slight increase during the same
period when the teaching days are relatively lower. Our portfolio have an EUI inferior than 50 kWh/m2

(Figure 6), which is the equivalent of one third of the k–12 schools in hot and humid zones. This
brings back the question of which is more energy intense—schools or universities—and how much can
the weather parameter contribute to the increase of electricity consumption. Thus, there are several
parameters other than the weather to take into consideration, such as occupancy rate, number of COM,
plug load, and operating time, that are responsible for the EC gap between different categories. On the
other hand, simulation techniques represent one of the efficient alternatives to evaluate the energy
performance of a building regardless of its utility. This method was used to develop a benchmark
analysis based on models of equipment and system performance, which proved that plug loads and
HVAC are some of the biggest influencers of high energy consumption in laboratory buildings.

4.2. Correlation Analysis

Despite the complexity of EC in university campuses, we were able to demonstrate that outdoor
temperature and number of occupants positively correlate with the overall energy use, which confirmed
our choice of variables. Nevertheless, another study that developed a simulation of the building
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occupants’ decision-making and information communication process found that the network size
has no significant impact on the EC [32]. Still, that result needs to be confirmed in non-residential
building, especially in cases like schools and universities, where the number of occupants changes
substantially over the year. On the other hand, a study that was conducted on 10 universities in the US
and confirmed that EC correlates highly with outdoor temperature [33]. Weather variations can easily
change cooling and heating use by 20–30% [34]. The estimation of the occupancy rate for each building
remains challenging, especially in this case study because of the irregular patterns of the student
movement inside the campus, which is not only related to the classes or other scheduled activities.
Nonetheless, some studies used CO2 measuring, relative humidity, and acoustic sensors to estimate
occupancy [35–37]; however, those techniques are hard to implement in our case of study because of
the several components that the buildings incorporate. On the other hand, many studies [38,39] have
focused on the behavior of occupants rather than the size of active occupants. In order to evaluate
the energy saving potential, one study developed an occupancy model of individuals moving in and
out in offices [40], while another study found an alternative to analyze occupancy patterns using
physical-statistical approaches to improve energy demand forecasting [35,41]. Still, identifying how
occupant’s behavior influences EC is complex because of the stochastic nature of individual actions [37].

The five buildings (31,30,29,24,32) from our portfolio scored a higher energy intensity than the
university in a Mediterranean climate median. Installing solar panels on the roof as a backup is
highly recommended since the campus is located on southern coast of Spain, where the yearly sum of
global irradiation is over 1900 kWh/m2 [41]. Therefore, efforts and investments have to prioritize these
facilities because they are driving the high consumptions and there is a considerable gain potential to
achieve from their high energy intensity.

If a model with the two explicative variables (N and CDD&HCC) is established and a multiple
regression is conducted, Equation (4) is obtained.

EC (Kwh) = 1050.375608 N + 1172.322578 CDD&HCC (◦C) − 9320518.243 (4)

with R2 = 0.83. If the model obtained is plotted (see Figure 11), the range of expected energy
consumption can be found according to the parameters of number of occupants (N) and CDD and
HCC in ◦C. Therefore, a threshold of 8 GWh has been estimated as the energy consumption limit to be
achieved for 15,000 persons and for a CDD and HCC of 1350 ◦C, both factors being the average of the
last eight years.

Figure 11. Energy consumption (EC) model obtained for the explicative variables: N (number of
occupants) and CDD and HCC (◦C).

119



Sustainability 2020, 12, 1336

5. Conclusions

Gathering high resolution outdoor temperature data during the last eight years with half an
hour time frame was important for this case of study because it provided the opportunity to calculate
cooling and heating degree-days. The weather factor is the most significant variable in this case
study, which means that the university administration will achieve better results in term of reducing
end user costs by investing in the efficiency of the HVAC system and then improving the thermal
performance of the campus buildings. It has been found that research buildings consume four times
more energy than teaching or administration buildings. In addition, behavioral changing programs
are recommended, especially in cases like ours, where the properties are open to the public and the
managers are challenged to lead the users toward sustainable actions—for instance, starting a program
that aims to share information about the evolution and the gains of EC with the students and staff
which could be useful to raise awareness about the continuous increase of energy use inside the
campus. A similar experiment was executed in dormitory residences, and the results show that the
group of residents who received real-time data feedback were more effective in energy conservation
gains. The buildings from our portfolio that scored a higher energy intensity should consider installing
solar panels on their roofs. Additionally, setting up systems like occupancy sensors for automatic
lighting will increase efficiency. Nonetheless, energy conservation measures should not affect the
indoor quality; for this reason, we must be able to reduce EC while retaining indoor quality.

Author Contributions: M.C. dealt with literature review, analyzed the data and wrote the draft. E.S.-M. and
F.M.-A. Research idea and article writing. They share the structure and aims of the manuscript, paper drafting,
editing and review. All authors have read and approved the final manuscript.

Funding: This research did not receive any external funding.

Conflicts of Interest: Declare no conflict of interest.

Abbreviations

Acronym Meaning

GFA Gross floor area
EUI Energy use index
EC Energy consumption
HVAC Heating ventilation air conditioning
HDD Heating degree-days
CDD Cooling degree-days
GDP Gross domestic product
KPM Key performance metrics
ASHRAE American society of heating, refrigeration and air conditioning engineers
CBECS Commercial energy consumption survey
RECS Renewable energy certificates

Appendix A

The outdoor temperature data was given by the weather station of the Almeria Airport, Latitude 36.846911◦
N, Longitude −2.356989◦ E), which is located 4 km away from the University of Almeria, at the same height above
the sea level. The dataset does not figure in this paper due to its extensive format, which reached 140,160 tags. The
energy consumption reports of the university campus and the number of students, professors, and administration
staffwere given by the university infrastructure department and are available to the public.
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Abstract: Global energy consumption has increased the emission of greenhouse gases (GHG), these
being the main cause of global warming. Within renewable energies, bioenergy has undergone a great
development in recent years. This is due to its carbon neutral balance and the fact that bioenergy
can be obtained from a range of biomass resources, including residues from forestry, agricultural
or livestock industries, the rapid rotation of forest plantations, the development of energy crops,
organic matter from urban solid waste, and other sources of organic waste from agro-food industries.
Processing factories that use loquats to make products such as liqueurs and jams generate large
amounts of waste mainly in the form of skin and stones or seeds. These wastes are disposed of
and sent to landfills without making environmentally sustainable use of them. The University of
Almeria Sports Centre is made up of indoor spaces in which different sports can be practiced: sports
centre pavilion (central court and two lateral courts), rocodrome, fitness room, cycle inner room,
and indoor swimming pool. At present, the indoor swimming pool of the University of Almeria
(UAL) has two fuel oil boilers, with a nominal power of 267 kW. The main objective of this study
is to propose an energetic analysis to determine, on the one hand, the energetic properties of the
loquat seed and, on the other hand, to evaluate its suitability to be used as a solid biofuel to feed the
boilers of the heated swimming pool of the University of Almeria (Spain), highlighting the significant
energy and environmental savings obtained. Results show that the higher calorific value of loquat
seed (17.205 MJ/kg), is like other industrial wastes such as wheat straw, or pistachio shell, which
demonstrates the energy potential of this residual biomass. In addition, the change of the fuel oil
boiler to a biomass (loquat seed) boiler in the UAL’s indoor swimming pool means a reduction of
147,973.8 kg of CO2 in emissions into the atmosphere and an annual saving of 35,739.5 €, which means
a saving of 72.78% with respect to the previous fuel oil installation. A sensitivity analysis shows that
fuel cost of base case is the variable with the most sensitivity changing the initial cost and net present
value (NPV).

Keywords: loquat seed; sustainability; renewable energy; universities; biomass boiler

1. Introduction

Social and economic development, together with an increase in human welfare, has led to an
increase in energy consumption. Energy services in societies become essential to satisfy the demands
of light, heating, transport, communication, etc., as well as for the manufacture of goods. Fossil fuels
have been the main source of energy since 1850, and since then there has been a growing demand
worldwide [1]. This has led to a progressive increase in the levels of carbon dioxide in the atmosphere,
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reaching a record 415.70 ppm in May 2019 [2]. Such a concentration of CO2 in the Earth’s atmosphere
had not been reached for more than three million years, when the global sea level was a few meters
higher and Antarctica was partially covered with forests.

The provision of energy services to a world population in continuous growth has increased the
emission of greenhouse gases (GHG), these being the main cause of global warming. In December
2015, the Paris Climate Change Conference, also known as COP21, was held in Paris. It established the
world’s first binding climate agreement, through which the 195 signatory countries establish a global
action plan to keep global warming below 2 ◦C between 2020 and 2030, and below 1.5 ◦C if possible [3].

In order to tackle global warming, two types of strategies have been developed: those for
mitigating climate change and those for adapting to it. Mitigation strategies aim to reduce greenhouse
gas emissions in such a way that the point of no return is not reached, while adaptation strategies aim
to reduce the consequences of an already apparent climate change and address its impact.

Climate change mitigation measures that can be taken to reduce pollutant emissions include
increased energy efficiency, greater use of green energy within the global energy mix, electrification
of industrial processes, promotion of more sustainable transport (electric mobility, cycling) or higher
carbon taxes as well as a market for CO2 emissions [4]. Therefore, it can be said that climate change is
a global problem demanding a shift from the current energy model [5].

Measures to adapt to climate change that can be taken in order to reduce its effects include the
construction of adapted housing and workplaces, reforestation, adaptation of crops to new agronomic
variables, development of emergency plans to deal with possible natural disasters, or research into
possible effects on human health [6].

Renewable energies have demonstrated their potential in mitigating climate change, but they also
have other benefits. Such forms of energy favour local employment and thus contribute to economic
and social development, facilitate access to energy, increase energy resilience, and reduce pollution in
cities, and therefore the effects on human health [7]. The concept of renewable energy encompasses
heterogeneous categories of technologies. Some renewable energy sources can provide electricity,
others supply thermal or mechanical energy, and others can provide biofuels to meet various energy
demands. Some renewable energy technologies can be adopted at the point of consumption (centralized)
in rural and urban environments, while others are implemented mainly in large supply networks
(decentralized). Although more and more technically advanced renewable energy technologies have
been adopted on a medium scale, others are at a less advanced stage and have a more incipient
commercial presence or supply specialised market niches.

Within renewable energies, bioenergy has undergone a great development in recent years. This is
due to its carbon neutral balance and the fact that bioenergy can be obtained from a range of biomass
resources, including residues from forestry, agricultural, or livestock industries, the rapid rotation
of forest plantations, the development of energy crops, organic matter from urban solid waste, and
other sources of organic waste from agro-food industries [8]. These residues can be burnt directly
to produce electricity or heat or can be transformed by using physicochemical processes to generate
gaseous, liquid or solid fuels. Bioenergy technologies are very diverse, and their degree of technical
sophistication differs considerably. Some already marketed are small or large boilers, district heating
systems, or the production of ethanol from sugar and starch. Bioenergy technologies have therefore
applications in both, centralized and decentralized contexts, and their most widespread application is
conventional use of biomass in industrialized countries for heating and power generation [9]. Bioenergy
production is often constant or controllable. Bioenergy projects generally depend on locally and
regionally available fuel, although recently there seem to be indications that solid biomass and liquid
biofuels are increasingly present in international trade. Within centralized context and small-scale
systems, biomass boilers are an emerging technology with numerous economic and environmental
advantages [10].

Traditionally biomass boilers have been powered by pellets composed mainly of chips and
sawdust from the wood industry [11]. Due to the increasing trend in the prices of biomass from the
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forest and wood industry, it has been necessary to investigate other sources of bioenergy, which allow
lower costs while reducing the pressure on the agroforestry sector. Many investigations have shown
the potential of certain fruit stones and nutshells in the generation of thermal energy at industrial
and residential levels [12,13]. It is therefore necessary to find alternative biofuels as enacted by the
European standard EN 14961-1.

Eriobotrya japonica, commonly called Japanese loquat, or simply loquat is a perennial fruit tree
of the Rosaceae family, originating in south-eastern China, where it is known as “pi ba”. It was
introduced in Japan, where it was naturalized and has been cultivated for more than a thousand
years. It was also naturalized in India, the Mediterranean Basin, Canary Islands, Pakistan, Argentina
and many other areas. Today, Japanese loquat cultivation has spread throughout the world, both
for its ornamental value and for its prized fruits. The loquat is cultivated mainly in China, Japan,
India, Pakistan, Mediterranean countries (Spain, Portugal, Turkey, Italy, Greece, Israel), United States
(California and Florida), Brazil, Venezuela, and Australia. According to data provided by the Food and
Agriculture Organization (FAO), China, in addition to be its country of origin, is the world’s largest
producer. In the last ten years China has doubled its area of cultivation and production, reaching
118,270 ha. and 453,600 Tn per year [14]. Spain is the world’s second largest producer and exporter
of loquat with an annual production of around 30,000 tn. Andalusia has around 1,100 hectares of
loquat spread between Granada (815 hectares) and Malaga (275 hectares) [15]. The consumption of this
tropical fruit has gradually increased over the last two decades and a good performance of demand is
forecast for the coming years. Figure 1 shows the loquat production in the main countries in the world.

Figure 1. Loquat production in the main countries [16].

Processing factories that use loquats to make products such as liqueurs and jams generate large
amounts of waste mainly in the form of skin and stones or seeds. Inside the loquat contains between 3
and 7 large brown seeds representing between 15% and 18% of the total weight of the fruit [17]. These
wastes are disposed of and sent to landfills without making environmentally sustainable use of them.

The water in heated swimming pools needs an external supply of energy in order to maintain
thermal comfort, as the natural tendency of the water will be to equalize the temperature of its
environment. If the temperature of your environment is lower, the temperature of the water will
decrease depending on the conditions of the environment such as: temperature of the air, of the walls
and floor of the pool, etc. As a first consideration, we must bear in mind that the energy consumption
of this type of installation can be higher than 700 MWh per year, depending on the climate of the place
where it is located, the conditions and seasonality of the use, and the demand required by the systems
included. Therefore, a small improvement in energy efficiency for proper operation translates into a
big saving in global terms in CO2 emissions to the atmosphere and the use of scarce energy resources.
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It should be noted that not only is the demand very high, but in most cases, there is a priori ignorance
of the amount of energy that will demand a heated pool [18–20].

The main objective of this study is to determine, on the one hand, the energetic properties of the
loquat seed and, on the other hand, to evaluate its suitability to be used as a solid biofuel to feed the
boilers of the heated swimming pool of the University of Almeria (Spain), highlighting the significant
energy, economical, and environmental savings obtained, contributing to reduce greenhouses gases.

2. Case Study

As a case study has been taken a university sport centre located in the University of Almería
(UAL), Southern Spain (Figure 2).

 
Figure 2. Location of University of Almeria.

The UAL Sports Centre is made up of indoor spaces in which different sports can be practised:
sports centre pavilion (central court and two lateral courts), rocodrome, fitness room, cycle inner room
and indoor swimming pool.

The water volume of the heated swimming pool is 494.15 m3, has a compensation vessel of
30 m3 and has an internal dimension of the water sheet of 12.5 × 25.10 m. Figure 3 shows the indoor
swimming pool of the UAL Sports Centre.
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Figure 3. Indoor swimming pool of the University of Almeria.

Firstly, an energy audit of the installation was carried out to establish a technical basis for this
study. In addition, all the necessary data was collected to study the possibility of replacing the existing
boiler with a biomass boiler using loquat seed as biofuel.

2.1. Meteorological Data

Almeria has a Mediterranean climate, with mild winters, hot summers, and little rain. The average
annual temperature is 17.9 ◦C and the average rainfall is 228 mm. Table 1 shows the most important
meteorological data of Almeria.

Table 1. Meteorological conditions in Almeria.

Parameters Values

Longitude 2◦24′23.3” W
Latitude 36◦49′40.9” N
Altitude 16 m

Average maximum annual temperature 23.1 ◦C
Average minimum annual temperature 14.3 ◦C

Average annual temperature 17.9 ◦C
Winter dry temperature 8 ◦C

Summer dry temperature 31 ◦C

2.2. Description of Existing Thermal Facilities

When planning the heating of an indoor swimming pool, some fundamental differences must
be considered compared to a residential building heating system: firstly, there is a high level of
evaporation on the premises, and secondly, the comfort conditions for bathers are different.

According to current regulations, the temperature and relative humidity of the room must be
adequate to protect the health of the users (RITE, Complementary Technical Instruction) [21]. As for the
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temperature of the ambient air, the water temperature, and the environmental humidity, the following
were taken as comfort conditions:

- Setpoint water temperature: 28 ◦C
- Maximum water temperature: 29 ◦C
- Air temperature: 29 ◦C
- Relative Humidity: 60%.
- Daily renewal of pool water: 2.5%.

At present, the indoor swimming pool of the University of Almeria has two fuel oil boilers, with a
nominal power of 267 kW. One of them is a backup in case of failure.

The current installation has the following auxiliary elements:

• Two tanks of 2000 litres.
• Main hydraulic circuit of impulsion and return of steel pipe of 1′.
• Boiler room with dimensions of 40 m2.
• Fuel oil tank of 3000 litres.
• The facility of the indoor swimming pool is presented in Figure 4.

 
Figure 4. Boiler room of the indoor swimming pool.

This installation has an annual consumption of 52,239 liters, as Table 2 shows.

128



Sustainability 2020, 12, 2093

Table 2. Annual consumption of the indoor swimming pool boiler for the year 2018.

Month Fuel Consumption (L)

January 7582
February 8370

March 8110
April 6434
May 4473
June 2186
July 1018

September 671
October 3477

November 3926
December 5992

Total 52,239

In Spain, Royal Decree 742/2013 [22] classifies swimming pools with respect to public access and
classifies them into public and private use swimming pools. In relation to the temperature of the air
and of the bath water, heated or covered swimming pools are defined as those in which the enclosure
where the glasses are located is closed, has a fixed structure, and the water is kept at a more or less
hot temperature.

Figure 5 shows the operating diagram of the fuel oil boiler.

Figure 5. Operating diagram of the fuel boiler..

3. Materials and Methods

Regarding the use as biofuel of loquat seeds from agro-food industries, 2000 g of such seeds were
collected for their subsequent energy and chemical composition analysis (Figure 6).
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Figure 6. Eriobotrya japonica, commonly called Japanese loquat.

UNE-EN 14961-1 standard “Solid biofuels–Specifications and fuel classes—Part 1: General
requirements”, were used to assign the biomass quality parameters. This standard has been developed
by the Spanish Association for Standardisation and Certification (AENOR).

Table 3 shows the standards and the measuring equipment used.

Table 3. Standards and the measuring equipment used in this study.

Parameter Unit Standards Equipment
Standard

Deviation (SD)

Higher heating value MJ/kg EN 14918 Calorimeter Parr 6300 0.02

Total sulphur % EN 15289 Analyzer LECO TruSpec S
630-100-700 0.002

Total hydrogen % EN 15104 Analyzer LECO TruSpec CHN
620-100-400 0.03

Total chlorine mg/kg EN 15289 Titrator Mettler Toledo G20 6.73

Total carbon % EN 15104 Analyzer LECO TruSpec CHN
620-100-400 0.12

Total nitrogen % EN 15104 Analyzer LECO TruSpec CHN
620-100-400 0.009

Ash % EN 14775 Muffle Furnace NABERTHERM
LVT 15/11 0.02

Moisture % EN 14774-1 Drying Oven Memmert UFE 700 According to
EN14774-1

3.1. Humidity

The moisture content of the biomass is the ratio of the mass of water contained per kilogram of
dry matter. An excess of humidity in the biomass, leads to [23]:
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- A large amount of volatile elements, which offer a loss in energy efficiency.
- A low calorific value, which would call into question the expectations regarding the replacement

of other fuels.
- Ashes in large quantities. This can cause equipment cleaning problems.
- Boilers would suffer continuous problems, affecting the durability of their life.
- Have much more storage volume for biomass.

In order to avoid these problems, a solar greenhouse dryer system for loquat seed improvement
as biofuel is proposed.

The solar greenhouse dryer built in this study was the feature on conventional greenhouse type
tunnel with north-south facing (Figure 7). Figure 8 shows the dimensions of this greenhouse dryer.

Figure 7. Scheme of the greenhouse dryer.

Figure 8. Dimensions of the greenhouse dryer proposed.

The drying of the loquat seeds in the solar dryer started on 1 October 2019 and was completed on
the 17th of the following month. The moisture content was measured using Extech hygrometer M0210.
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Before introducing the loquat seeds into the solar dryer to evaluate its operation, the air temperature
and relative humidity levels were recorded during a week at different times of the day with an Extech
RHT20 recorder, in order to know precisely their magnitude and the conditions under which the seeds
would be exposed.

In order to show solar monthly resource and air temperature, Figure 9 is presented.

 

Figure 9. Relationship between monthly solar radiation and air temperature in Almeria.

As seen in Figure 9, in Almería the lowest solar radiation is January and December with 4 kWh/m2/d,
the months with the highest solar resource are July and August with more than 8 kWh/m2/d.

3.2. Elemental Composition

The elemental analysis technique consists of determining the content of hydrogen, nitrogen,
carbon and sulphur present in samples of an organic and inorganic nature, both solid and liquid. The
UNE-EN 15104 standard has been consider in this analysis and the analyzer LECO TruSpec CHN
620-100-400 was used.

3.3. Ash Content

The determination of ashes will be based on UNE EN 14775 standard. Ashes are the residue of
air incineration of coal and come from the inorganic compounds initially present in carbonaceous
substances and associated mineral materials.

The ash content is expressed as the percentage ratio between the mass of the residue after
incineration and the mass of the original sample.

The percentage of ash in biofuels is an important parameter to consider in boilers, since it can
produce corrosion and accelerated erosion of the metal that makes up each of the elements of the boiler.

3.4. Chlorine and Sulfur Content

Titrator Mettler Toledo G20 was used to obtain the chlorine content and Analyzer LECO TruSpec
S 630-100-700 to obtain sulfur content and the standard UNE EN 15289 was followed.

Riedl et al. [24] describe the corrosion mechanism in the presence of chlorine as “active oxidation”
and assign to it the accelerated corrosion rate observed in boiler tubes. The authors describe the
enrichment of alkaline metal chlorides on the surface of pipes by a condensation process. They also
suggest that the chlorides react with SO2 and SO3 in the gases to form sulphates with the subsequent
generation of chlorine gas.

An important study on this subject has been carried out in Denmark where accelerated corrosion
tests were conducted on boilers that were using fuels such as straw and cereals with ash levels in the
range of 5%–7%, chlorine levels between 0.3% and 0.5%, and sulfur content less than 0.2%, on a dry
basis [25].
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3.5. Higher Heating Value (HHV) and Lower Heating Value (LHV)

The higher heating value (HHV) is defined assuming that all elements of the combustion (fuel and
air) are taken to 0 ◦C and the products (combustion gases) are also taken to 0 ◦C after the combustion,
so the water vapor will be completely condensed.

In the calculation of the LHV, it is assumed that the water vapor contained in the flue gas does not
condense and therefore there is no additional heat input due to the condensation of the water vapor.
Only the heat of oxidation of the fuel is available. While determining the HHV experimentally in a
calorimeter, the LHV is obtained by a calculation from the HHV [26–28].

LHV
(

kJ
kg

)
= HHV

(
kJ
kg

)
− 212.2×H %− 0.8× (O% + N%) (1)

3.6. Biomass Combustion Technology

According to Wolf & Dong [29], three types of technologies for biomass combustion can be
distinguished: fixed bed, fluidized bed (which can be either circulating or bubbling bed), and
pulverized fuel. In our case study, considering the characteristics of the biofuel and the boiler output,
fixed bed technology will be chosen for the direct combustion of the biomass once it has been dried.

Fixed-bed combustion includes furnaces with grates and feeders (stokers). The biomass is placed
on a grate and moves slowly through the boiler. The required air is supplied through holes arranged
along the grate. The combustible gases issued by the biomass are burned after the addition of a
secondary air, usually in a combustion zone separated from the fuel bed. This technology is suitable
for any type of biomass but limited to installations of up to 100 MW.

An important aspect of the grate furnace is that the combustion stages must be obtained by
separating the primary and secondary combustion chambers, in order to avoid the mixing of secondary
air currents and to separate the gasification and oxidation zones. The better the quality of the mixture
between the combustion gases and the secondary combustion air, the less oxygen is needed to achieve
complete combustion, thus achieving greater efficiency.

According to the direction of flow of the fuel and flue gases, there are three operating systems for
grate-fired boilers:

1. Counter-stream flow (the flames are in the opposite position to the fuel).
2. Stream flow (the flames are in the same direction as the fuel).
3. Cross flow (the removal of the combustion gases in the middle of the furnace).

In our case study the stream flow system will be chosen. The flow in stream is applied for dry
fuels or in systems where primary heated air is used. This system increases the residence time of the
gases released by the fuel bed, allowing for a reduction in NOx emissions, due to the improved contact
of the combustion gases with the bed of carbonized material at the back of the grills [30].

3.7. Economic Analysis

The economic analysis has been performed at initial conditions of 267 kW as rated power, loquat
properties compared to oil fuel. All these processes have been carried out with RETScreen software,
which is a clean energy management software system for energy efficiency, renewable energy, and
cogeneration project feasibility analysis, as well as ongoing energy performance analysis, developed
by the Natural Resource of Canada office [31].

4. Results and Discussion

The physico-chemical parameters of loquat seed were analysed and compared with those of other
sources of residual biomass in order to evaluate its usefulness as a solid biofuel. Afterwards, an energy,
economic and environmental analysis of the installation was carried out.
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4.1. Loquat Seed Values

To evaluate the quality parameters of loquat seed, 2000 g of samples from the loquat industry
were analysed. Table 4 shows the mean value, the standard deviation, the maximum value, and the
minimum value which determine the parametric distribution.

Table 4. Energy and chemical parameters obtained from loquat seed analysis (parameters calculated
on a dry basis except for moisture).

Magnitude Unit Mean Value
Standard

Deviation (SD)
Maximum

Value
Minimum

Value

Moisture % 37.53 — 37.53 37.53
Ash content % 2.37 0.060 2.43 2.31

HHV MJ/kg 17.205 0.018 17.223 17.187
LHV MJ/kg 16.007 0.090 16.097 15.917

Total carbon % 44.03 0.006 44.036 44.024
Total hydrogen % 5.47 0.011 5.481 5.459
Total nitrogen % 0.63 0.037 0.667 0.593

Total sulfur % 0.03 0.002 0.032 0.028
Total oxygen % 46.57 2.651 49.221 43.919
Total chlorine % 0.07 0.003 0.073 0.067

As can be seen from Table 4, one of the main disadvantages of loquat seed is its high moisture
content, above 30%. This decreases the efficiency of combustion, since water needs to evaporate before
heat is available, resulting in a lower heating value. Furthermore, from a technical point of view, the
presence of a high moisture content produces corrosion in the equipment and generates the emission of
tars that accumulate in the outlet pipes and can cause them to block. As a result, pre-drying processes
must be implemented in order to obtain a moisture content below 10%.

Ash is the inorganic fraction of the biomass that remains once the fuel has been burned, mainly
in the form of SiO2 and CaO. The formation of ashes is linked to problems such as the formation of
agglomerates on the walls of the grids and the formation of slag deposits which accelerate the corrosion
of the installation and increase its maintenance costs. With respect to the ash content of the loquat seed,
it is in the range of 2.31%–2.43%. If this value is compared with that of other standardized fuels, such
as almond shell pellets (3.35%) or oak pellets (3.32%), it can be seen that in spite of its high value, it is
below the ash content of other conventional fuels.

Table 5 compares the physicochemical parameters of several commercial biofuels and industrial
wastes with those of loquat seed in order to evaluate the use of this by-product in the generation of
thermal energy.

Table 5. Comparation between Loquat seed and other biofuels.

Parameters Unit
Avocado

Stone [32]
Olive Stone

[33–35]
Pine Pellets

[35,36]
Almond Shell

[35,37,38]
Loquat Seed

Moisture % 35.20 18.45 7.29 7.63 37.53
HHV MJ/kg 19.145 17.884 20.030 18.200 17.205
LHV MJ/kg 17.889 16.504 18.470 17.920 16.007

Ash content % 2.86 0.77 0.33 0.55 2.37
Total carbon % 48.01 46.55 47.70 49.27 44.03

Total hydrogen % 5.755 6.33 6.12 6.06 5.47
Total nitrogen % 0.447 1.810 1.274 0.120 0.63
Total sulphur % 0.104 0.110 0.004 0.050 0.03
Total oxygen % 42.80 45.20 52.30 44.49 46.57
Total chlorine % 0.024 0.060 0.000 0.01 0.07

HHVbiomass
HHVloquat seed

% 111.27 103.95 116.42 105.78 100.0
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As shown in Table 5, the ash content of loquat seed is higher than that of other industrial waste
but lower than the ash content of the mango stone. This suggests that the formation of ash deposits
will be greater and therefore will need additional maintenance.

As for the higher calorific value of loquat seed (17.205 MJ/kg), it is observed that it is lower than
that of other standardized solid biofuels such as almond shells or olive stones. However, if we compare
it with other industrial wastes such as wheat straw (17.344 MJ/kg) or pistachio shell (17.348 MJ/kg) [31],
it is shown to have similar values, showing the energy viability of this agro-industrial waste.

Another quality parameter to be considered in a biofuel is its chlorine and sulphur content.
Sulphur, in addition to having a corrosive effect on the installation, is associated with the emission of
greenhouse gases in the form of SOx. Loquat seed has a 0.03% sulphur content that is lower than that
of other commercially available biofuels such as almond shells (0.050%) or olive stones (0.110%), which
means that SOx emissions would be minimised if this biofuel were used.

Regarding the chlorine content, this has a significant effect on the corrosiveness of the plant due
to the formation of chlorides, which have a dissociative catalytic effect on the steel pipes. Loquat seed
has a low chlorine content (0.07%), like that of other standardized biofuels such as olive stone (0.06%)
and lower than that of almond shells pellets (0.2%). In view of these results, corrosion problems would
be minimized by using this solid biofuel.

However, in addition to its high calorific value, the main advantage of using loquat seed as biofuel
is its carbon-neutral character. In fact, when the plant grows it fixes carbon from the atmosphere which
is then released when it is burned, making the life cycle carbon neutral.

This residual biomass can be obtained from loquat processing industries in the surroundings,
helping on the one hand to a better environmental management of these wastes and on the other hand
to a reduction of greenhouse gas emissions.

4.2. Environmental Benefits

Biomass as an energy source has several advantages over other alternatives in the fight against
climate change and local pollution. Biomass is a source of non-polluting energy. Plants emit CO2 but
also absorb CO2 during their growth, so their total balance is zero (Figure 10).

Figure 10. CO2 cycle using loquat seed as biofuel.
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Once the energy characteristics of the loquat seed are known, it is possible to calculate the CO2

savings in the installations of the UAL indoor swimming pool, as well as the worldwide CO2 savings
in loquat producing countries.

Firstly, the potential energy obtained from the use of loquat seed as a biofuel is calculated using
Equation (2). This potential energy is calculated considering the worldwide production of loquat for
each country.

Up = RH × Ploquat seed ×HHV × fs × Fc (2)

where:

Up denotes energy obtained from the loquat seed as biofuel (MWh);
RH is relative humidity (10%);
Ploquat seed: loquat seed production (kg);
HHV: higher heating value (17.205 MJ/kg);
fs is the percentage of seed in a whole loquat (15%);
Fc factor conversion for units (0.000277778 Wh/J).

Figure 11 shows worldwide bioenergy potential using loquat seed as biofuel (MWh).

Figure 11. Worldwide bioenergy potential using loquat seed as biofuel (MWh).

The next step in the study will be to calculate the CO2 reductions that would occur if loquat seeds
were used as a biofuel instead of fuel oil.

As mentioned above, Biomass is a source of non-polluting energy, with zero CO2 emissions.
The CO2 emission of fuel oil would be calculated as:

MCO2 fuel oil = Cfuel oil × Ffuel oil (3)

where:

MCO2 f uel oil: mass of carbon dioxide emitted (kg/year).

C f uel oil: consumption of fuel oil per year (kWh/year).

F f uel oil : carbon dioxide emission factor of fuel oil (kg/kWh).

Table 6 shows the CO2 emission factor for biomass and fuel and the total CO2 emission reduced
annually using loquat seed as biofuel.
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Table 6. CO2 emission factor of Fuel oil and Loquat seed [39].

Boiler CO2 Emissions (kg/kWh)

Fuel oil 0.311
Loquat seed 0

Total CO2 emission reduced annually (kg) 228,031.70

The change of the boiler to biomass in UAL indoor swimming pool means a reduction of
147,973.8 kg CO2 in emissions into the atmosphere.

Figure 12 shows the worldwide CO2 saving using loquat seed as biofuel (Tn).

Figure 12. Worldwide CO2 saving using loquat seed as biofuel (Tn).

The five main countries that would reduce their annual CO2 emissions by using loquat seeds as
biofuel are: China (51,184.92 Tn), Spain (10,617.54 Tn), Turkey (3454.98 Tn), Pakistan (3275.83 Tn), and
Japan (2621.95 Tn). Further, the annual worldwide reduction of CO2 emissions if loquat seed is used as
biofuel would be 76,363.80 tn.

In a society committed to sustainable development, the use of biomass for heat and electricity
production is an important source of renewable energy. Its increasing use as a substitute for fossil
fuels can significantly reduce CO2 emissions. However, in recent years discussion has focused on the
sustainability of biomass, and the environmental implications of its use must be taken into account.

Particularly important is the particle size of the emissions that are produced, which have been
identified as a relevant factor of the deterioration of air quality. Not so long ago, the existing legislation
for emission control in combustion plants only took into account total particles with a diameter of less
than 10 micrometers (PM10). However, particles with a diameter of less than 5 micrometers (PM5) and
especially those with a diameter of less than 2.5 micrometers (PM2.5) have the most harmful effect on
health. Fine particles (PM2.5) emitted during biomass combustion can be divided into three groups,
based on their chemical composition and morphology: particles spherical organic carbon particles,
sooty aggregate particles and inorganic ash particles. Because of their small size, these particles are
able to reach the pulmonary alveoli and pass into the bloodstream. This is associated with an increased
risk of respiratory and cardiovascular disease, especially when the environmental concentration of
these particles exceeds 35.4 μg/m3 [40–43].

This has led to a boost in research activity, both in the characterisation of emissions and in the
development of control equipment, and in enacting legislation at national and European level.

137



Sustainability 2020, 12, 2093

For our case study, the R.D. 1073/2002 transposing the Directive 1999/30/EC on air quality,
establishes in relation to PM10, that the limit value of 50 μg/m3 must not be exceeded in 24 h for more
than 35 days, on the date of entry into force of 1 January 2005.

In the year 2015, new European legislation has been published (Directive (EU) 2015/2193 of the
European Parliament) that involves air emissions from the combustion of solids, such as biomass, in
equipment and installations with a rated thermal input of more than 1 MW and less than 5 MW, and
that makes a big impact on particle emissions.

Conversely, the European Directive 2009/125/EC establishes a framework for setting ecodesign
requirements for energy-related products. The national transposition of this regulation is the Royal
Decree 187/2011 of 18 February.

The result of this directive is Regulation 2015/1189 of 28 April on solid fuel and wood biomass
boilers of nominal output not exceeding 500 kW, which is mandatory from 1 January 2020. The
environmental aspects considered important in this regulation are energy consumption and emissions
generated by particulate matter (PM), organic gaseous compounds (OGC), carbon monoxide (CO),
and nitrogen oxides (NOx) in the use phase of this equipment. This regulation stipulates that seasonal
particle emissions from heating may not exceed 40 mg/m3 for automatically fed boilers and 60 mg/m3

for manually fed ones.
In order to reduce the amount of particles emitted into the atmosphere due to the incomplete

combustion of the biomass, modifications have been made to combustion equipment in recent years.
In this way, for example, special emphasis has been placed on the modulation of the equipment to
adapt to thermal demand, lambda probes have been used to ensure control of the most appropriate
fuel-air ratio according to operating conditions and secondary and tertiary air has been introduced in
different parts of the equipment.

However, the permitted emission limits are becoming increasingly restrictive, making it necessary
to use of equipment that can be coupled to the stoves and boilers of biomass in order to reduce the
emission of particles. In this way, research is being carried out into different technologies that can be
adapted to the residential sector, such as the introduction of additives with the biomass, the use of
catalytic filters or the use of electrostatic precipitators.

In low power installations (up to 1 MW) the most effective and profitable solution is the use of an
electrostatic filter [44]. Its operation is based on electrically charging the particles in order to direct
them out of the gas towards plates with an opposite charge, to which they adhere. Therefore, in our
case study an electrostatic filter will be installed consisting of a metal rod that rotates inside the metal
chimney tube, carrying a voltage of 24,000 volts, so that it ionizes the solid particles, which are attracted
by the walls of the chimney tube, where they accumulate until they fall by gravity into the equipment.
This technology has proven to achieve efficiencies of over 90% in PM2.5 abatement [45].

4.3. Economical Benefits

The economic feasibility of the study of changing the fuel boiler for loquat seed as a biofuel is
based on the following:

• Annual hours of operation.
• Annual consumption of fuel oil and biomass.
• LHV of fuel oil and biomass to be used.
• Current prices of fuel oil and biomass to be used.

Starting with a 267 kW boiler that will work approximately 6 h a day with an average of 297 days,
the energy required is 475,800 kWh.

The high price of fossil fuels, which is also heavily taxed in many countries, is boosting the market
for biomass boilers for heating generation. In order to calculate the economic benefit to be gained
from the new biomass installation compared to the original fuel oil installation, the necessary fuel
expenditure in both scenarios has been calculated to cover the annual energy demand. As shown
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in Table 7, the annual fuel oil consumption of the existing facility during 2018 was 52,239 litres, and
considering a fuel price of 0.94 euros/litre, a total annual cost of 49,104.67 euros is obtained.

Table 7. Economic analysis of fuel oil installation and the Loquat seed boiler.

Parameter Unit Fuel oil Boiler Biomass Boiler

Fuel Fuel oil Loquat seed
LHV kWh/L 10.12
LHV kWh/kg 4.45
Price €/L 0.94
Price €/kg 0.10

Boiler efficiency % 90 80
Nominal power kW 267 267
Operating hours H 1782 1782

Thermal energy demand kWh/year 475,800 475,800
Fuel consumption L 52,239

Biomass consumption Kg 133,651.7
Annual cost € 49,104.67 13,365.17

Annual saving € 35,739.5
Annual saving % 72.78

Total investment € 69,540.35

The annual thermal demand of the installation (kWh/year) can be calculated as the product of the
amount of fuel consumed by the lower heating value (LHV) of the same, but considering the efficiency
of the boiler, this is:

Annual thermal demand = Fuel quantity × LHV × Boiler efficiency (4)

Taking into account the necessary thermal demand of 475,800 kwh per year, with the new biomass
boiler 133,651.7 kg of loquat seeds will be consumed, and taking as a reference price of this residual
biomass a value of 0.1 €/kg already treated and transported, there would be an annual saving of
35,739.5 €which means a saving of 72.78% with respect to the previous fuel oil installation.

A sensitivity analysis has been carried out with a threshold of seven years, a range of 25% and the
analysis is performed on equity payback, see Table 8.

Table 8. Sensitivity analysis based in equity payback.

Fuel Cost- Proposed Case

Initial Costs 10,023.88 11,694.52 13,365.17 15,035.82 16,706.46

€ −25.0% −12.5% 0.0% 12.5% 25.0%

52,155 −25.0% 0.3 0.3 0.3 0.5 0.5
60,848 −12.5% > project 0.3 0.4 0.5 0.6
69,540 0.0% > project > project 0.4 0.6 0.6
78,233 12.5% > project > project > project 0.6 0.6
86,925 25.0% > project > project > project > project 0.7

Table 8 shows that fuel cost will increases in 0.4 in 7 years if costs do not increase, however, in the
worst case the costs will increases in 0.7 times if fuel cost increase in 25%.

A risk analysis is performed on net present value (NPV) and 500 combinations. In Table 9 are
presented the parameters and in Figure 13 is presented a tornado chart to identify the impact of NPV
on these parameters.
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Table 9. Parameters.

Parameter Unit Value Range Minimum Maximum

Initial costs € 69,540.35 25% 52,155 86,925
Fuel cost- proposed case € 13,365.17 25% 10,024 16,706

Fuel cost- based case € 49,104.67 25% 36,829 61,380.84
Debt ratio % 70% 25% 52.50% 87.50%

Debt interest rate % 7% 25% 5.25% 8.75%
Debt term yr 15 25% 11 19

 
Figure 13. Impact – Net Present Value (NPV).

Figure 13 shows the economic impact of NPV on fuel cost of proposed case and base case, as it
can be seen, the highest sensitivity variable is fuel cost-base case (fuel oil); debt interest rate, debt ratio
and debt term have very small effects and can be ignored their uncertainty.

Financial viability presents the results provide to the decision-maker with various financial
indicators for the proposed case, see Table 10.

Table 10. Financial viability.

Parameter Unit Value

Pre-tax-IRR-assets % 20.6
Simple payback yr 1.3

Net Present Value € 162,013
Annual life cycle savings €/yr 17,748
Benefit-Cost (B-C) ratio 25.1

The internal rate return (IRR) is 20.6%, which is higher than European central bank interest rate
(0.25%), payback is 1.3 years, and B-C shows that investment has financial viability.

4.4. Biomass Storage

The Thermal Installations Regulation (2007) [46] in Spain describes a few essential requirements
for solid biofuel storage systems (IT.1.3.4.1.4 Solid biofuel storage). In general, the storage site must be
exclusively for this use, and this does not change the physical, chemical and mechanical characteristics
of the biomass. It must also comply with a series of requirements to prevent the risk of self-combustion.
The types of storage can be divided into prefabricated or built storage, either new construction or
existing room, either above or below ground. In new buildings, the minimum storage capacity for
biofuel will be sufficient to cover two weeks’ consumption. The silo can be filled semi-automatically,
with direct loading or with a pneumatic system, depending on the type of solid biofuel and size of
the silo.

140



Sustainability 2020, 12, 2093

In the case of this study, the existing deposit room will be adapted as a silo, making some slopes
of galvanized sheet and having an extraction system of about 2 m. This silo will have a floor area of
3.4 m2 and a height of 2 m as defined in Figure 14. Therefore, a volume of 6.8 m3 is available, which
complies with the 15-day minimum fuel supply (6.18 m3 of Loquat seeds required).

Figure 14. Location of storage silo.

4.5. Biomass Drying

An excess of humidity in the biomass, leads to a lot of problems. It is essential for biomass fuel to
remain dry, or it will not burn efficiently.

The drying of the loquat seeds in the solar dryer started on 30 October 2019 and was completed
on the 17th of the following month. The drying of loquat seeds with an initial moisture content of
35.20% was started and ended at 10% final moisture content after 12 days (Figure 15).

Figure 15. Evolution of the relative humidity in wet basis of the loquat seed in greenhouse dryer.
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Figures 16 and 17 show the average temperature and relative humidity levels reached at different
times of the day inside the greenhouse dryer.

Figure 16. Average temperature variation during the day in the greenhouse dryer.

Figure 17. Average variation in relative humidity on a wet basis during the day in the greenhouse dryer.

5. Conclusions

As for the higher calorific value of loquat seed (17.205 MJ/kg), it is observed that it is lower than
that of other standardized solid biofuels such as almond shells or olive stones. However, if we compare
it with other industrial wastes such as wheat straw or pistachio shell, it is shown to have similar values,
which demonstrates the energy potential of this residual biomass.

The use of loquat seed as an energy source has several advantages over other alternatives in the
fight against climate change and local pollution that should be highlighted:

- It generates lower emissions than conventional fuel boilers, reduced sulphur and particle emissions
and reduced emissions of pollutants such as CO, HC and NOX. The change of fuel oil boiler to
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biomass boiler in UAL indoor swimming pool means a reduction of 147,973.8 kg CO2 in emissions
into the atmosphere and an annual saving of 35,739.5 € which means a saving of 72.78% with
respect to the previous fuel oil installation.

- Reduced maintenance and hazards from toxic and combustible gas leaks.
- Reduced agricultural and forestry by-products going to landfills.
- Biomass is an inexhaustible source of energy, provided it is used sustainably.
- It helps to prevent fires and reduce the risks of forest fires and pests.
- The implantation of energy crops on abandoned land prevents erosion and soil degradation, as

well as the possible use of agricultural by-products, avoiding their burning on the ground.
- It helps to clean up the mountains and to use the by-products of the agro-industries.

The five main countries that would reduce their annual CO2 emissions by using loquat seeds as
biofuel are: China (51,184.92 tn), Spain (10,617.54 tn), Turkey (3454.98 tn), Pakistan (3275.83 tn), and
Japan (2621.95 tn). In addition, the annual worldwide reduction of CO2 emissions if loquat seed is
used as biofuel would be 76,363.80 tn.

The sensitivity analysis showed that the variable most sensitive is the fuel cost of base case, and
the variables with minimum impact in this analysis are debt interest rate, debt ratio and debt term that
have very small effects and can be ignored their uncertainty.

Financial analysis determined that the project has viability, the IRR (20.6%) is higher than European
central bank interest rate (0.25%), and the B-C ratio shows that benefits are 25.1 times higher than costs.
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Abstract: Universities around the world should be at the forefront of energy-saving and efficiency
processes, seeking to be at the same level or preferably higher than the rest of society, and seeking
the goal of 20% renewable energy by 2020. Sustainability practices have been carried out by several
universities. In Mexico, the National Autonomous University of Mexico (UNAM) is a leader in this
subject; in fact, the newest National School of Higher Studies - Juriquilla (ENES-J) that belongs to
UNAM, located in the city of Queretaro (Mexico), is involved in its sustainability plan, with one
of its main objectives being to save electric energy. UNAM has some campuses outside of Mexico
City, and one of them is the National School of Higher Studies Juriquilla (ENES-J) in the state of
Queretaro, where there is the Orthotics and Prosthetics Laboratory (OPL), in which has been installed
a Computer Numerical Control (CNC) machine type Haas Automation model UMC-750, which has
5-axis and is an effective means to reduce the number of setups and increase accuracy for multi-sided
and complex parts. This machine will be used to design, build, and assess human prosthesis. This
study aimed to contribute to sustainability policies at the ENES-J from UNAM, implementing a
solar photovoltaic system (PVS) to deliver electricity to the grid and contribute to reducing the
electricity load at the Orthotics and Prosthetics Laboratory (OPL), as well to propose new research
lines to support the sustainability policies in universities, and also proposing a financial analysis.
To achieve this, in an area of 96.7 m2, 50 solar panels type mono-Si Advance Power API-M330 with
an efficiency of 17.83% and a capacity factor of 20.4% will be installed and will provide 17.25 kW
of power and 345 kWh of energy. The financial analysis shows the initial costs of 46,575 USD/kW,
operation and maintenance (O&M) costs (savings) of 569 USD/kW-year, a monthly electricity export
rate of 0.10 USD/kWh, electricity exported to the grid of 21.5 MWh, and an electricity export revenue
of 2,145 USD. To assess the environmental balance with this PVS at ENES-J, an analysis of greenhouse
gases (GHG) is carried out by using the RETScreen software. In this analysis, a GHG emission factor
of 0.45 tCO2/MWh was found, as well as a savings of 12,089 USD per year.

Keywords: greenhouse gases; UNAM; energy saving; Mexico; photovoltaic system (PVS)

1. Introduction

Climate change is the greatest challenge facing humanity. All the agents involved, from leaders to
citizens, must become aware of the problem and join efforts in the fight against global warming. All
countries must agree on mitigation measures against climate change that involve ambitious targets for
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reducing greenhouse gases. To reach the Paris agreement and limit the temperature increase to 2 ◦C by
the end of the century, or to 1.5 ◦C if possible, a major shift is needed in current energy policy towards
a low-carbon economy, where on the one hand the share of renewables in the current energy mix is
enhanced and on the other hand the energy efficiency of energy systems is increased [1–3]. Universities,
within the framework of their social and environmental responsibility, cannot stay away from these
objectives [4,5]. Universities, research centers, and institutions are the starting point of research in
renewable energy knowledge and practice. These institutions have carried out several projects on
renewable energy sources (RES), like the proposal on compressed air as reserve energy, made at the
University of Auckland in New Zealand [6]. Zhou et al. [7] and the Ocean University of China (OUC)
developed a methodology based on the study of the dynamic characteristics of an actual Offshore Wind
Turbines (OWT) in different operational states based on sea tests to determine the negative impact
on their structures. In Tokat Gaziosmanpasa University, Emeksiz and Cetin [8] analyzed the effects
of tower shadow disturbance and wind shear variations. In this study, they determined that the x
distance is the most correlated parameter on the tower shadow disturbance problem. Karasmanaki
and Tsantopoulos [9] researched the attitude of RES students in the Department of Forestry and
Management of the Environmental and Natural Resources at the Democritus University of Thrace in
Greece since they are possible experts in RES, and the results show that students support renewables
and have awareness about current polluting energy systems. Tran and Smith [10] developed an
analysis on renewable energy systems integration and uncertainty to meet the three major types of
energy consumption: Electricity (solar photovoltaic and wind), heating (combined heat and power)
and cooling (electricity) at facilities on the campus of the University of Utah. They found that the
uncertainty of energy loads and power generation from renewable energy heavily affects the operating
cost of the district energy system.

Arnaout et al. [11] explain that the Heriot-Watt University Malaysia (HWUM) has a unique roof
design that could be utilized as part of the Building-integrated photovoltaics (BIPV) system to generate
electricity, thereby reducing the carbon footprint of the facility. This system is an innovative green
solution that makes possible energy generation on the building facade with modification of the building
material or architectural structure.

Sierra et al. [12], during characterization of an 840Wp BIPV installed at the Faculty of Sciences at
the National University of Colombia, found that the energy generation with coal has a greater negative
environmental impact (84%) compared with the photovoltaic system (PVS) (6%), and the use of PVS
represents an emission factor of 35 gCO2eq/kWh.

A techno-economic and environmental analysis of a PVS conducted by Sulukan [13] at the Turkish
Naval Academy of the National Defense University was done. This study was carried out using
the RETScreen software considering performance, efficiency, inverter efficiency, and temperature on
PVS. The results of emission were a 93% reduction in greenhouse gases and a saving of 721.1 tons of
crude oil.

Bilcik et al. [14] dealt with the impact of temperature on module surfaces The experiment was
conducted at the University of Life Sciences in Prague and found that the performances of photovoltaic
modules depend on climatic conditions.

In Morocco, Ameur et al. [15] evaluated different solar photovoltaic technologies (amorphous
silicon (a-Si), Polycrystalline silicon (pc-Si) and Monocrystalline silicon (mc-Si)) connected to a low
voltage three phases electrical grid of Al Akhawayn University. The results show that the polycrystalline
panel is the most cost-effective technology.

Silveira et al. [16] presented an economic study about electric power generation using PSV in a
Brazilian university with the aim of reducing the electric consumption. The results show that with the
PSV, the tariff can be reduced by 39.9%.

Mukherji et al. [17] present a techno-economic and ecological analysis of a 50 kWp
rooftop solar photovoltaic plant installed at ICFAI University, Jaipur where the plant produced
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106.9 kWh/kWp/month, and the reductions in greenhouse gases obtained were 102tCO2, 128 kg SO2,
268 kg NOx and 7033 kg ash.

Oh and Park [18] analyzed the optimal orientation of solar panels, and the analysis was performed
regarding demand and supply electricity at the Seoul National University. Their results show that
orientation is very important and depends on the building’s architecture. The output generation
presented a low electricity demand in the evening, but monthly demand shows a pattern opposite to
solar power generation.

At the Marmara University in Istanbul, a study done by Akpolat et al. [19] demonstrates that the
installation of grid-connected rooftop solar photovoltaic systems of 84.75 kW can produce several
benefits and an annual electrical savings of 90,298 kWh.

Another study was done by Al-Najideen et al. [20] at the faculty of Engineering-Mu’tah in
University of Jordan in order to reduce the electricity demand with a 56.7 kW grid-connected PVS. The
results show that this PVS will produce 97.02 MWh per year, with an investment of 117,000 USD and a
payback period of 5.5 years.

A hybrid system composed by a photovoltaic (PV) panel, wind turbine, and storage batteries
installed in Yildiz Technical University is analyzed by Arikan et al. [21] and determines the most
accurate system sizing using the maximum power point tracking controller, a hybrid controller, and
an inverter.

An Artificial Neural Network (ANN) methodology for studying and modeling the soiling effect
on solar PV glass has been done by Laarabi et al. [22]. They exposed outdoor solar PV glazing at
Mohammed V University in Rabat (Morocco), and found that the most influential parameter for the
PV soiling rate was relative humidity, followed by wind direction.

An ensemble approach to predict solar PV power production has been proposed by
Al-Dahidi et al. [23]. This ensemble approach has the capability of handling the intermittent nature
of solar energy. They demonstrated it using a grid-connected solar PV system of 231 kW of capacity
installed on the rooftop of the Faculty of Engineering at the Applied Science Private University of
Jordan and it was determined that this methodology could allow for balancing power supplies. Since
the installation of rooftop PV arrays is increasing, many standards have been designed, like the study
done by Bender et al. [24] at Central Washington University (CWU) where they present one calibration
done at the rooftop of CWU.

According to Wen [25], the interaction between the University-Firm-Government linkage has
been discussed several times. In the special case of the solar photovoltaic industry in Taiwan, he found
that this industry is essential for the development of the University-Firm-Government linkage.

As it can be seen in many universities studies about RES which have been done, with these efforts,
institutions contribute to developing these systems, because in the end, the main objective of renewable
energy is to create development where there is none and increase it where there is. RES faces some
problems. One of them is this premise: where there is no price for carbon emissions, there is no reason
to reduce carbon [26]. This premise is not related to a very important decision-making variable called
sustainability, which it can be defined as the use of today’s resources without compromising the ability
of future generations to be at least as well off as we are [27]. Several authors coincide that sustainability
is a concept with many interpretations, including economic, environmental and social ones, and
complete sustainability requires all of them. This is also referred to as the triple-bottom-line [28–30].

In 1990, in France, a statement made by university presidents, chancellors, and rectors commited
to environmental sustainability in higher education. This statement was called the Talloires Declaration
(TD) and has ten actions to incorporate sustainability into institutions [31–34].

There is a ranking that grouped 619 worldwide universities and awards the best sustainable
policies incorporated in these universities. This is the UI GreenMetric World University Ranking, which
gives basic information about the university’s policy towards a green environment. Its aim is to trigger
the participating university to provide more space for developing sustainable energy [35]. From the
results of this ranking, 11 Mexican universities are in different positions; the most important Mexican
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University is the National Autonomous University of Mexico (UNAM) and is in 101st place from 619
universities worldwide.

UNAM developed a macro project for the transformation of the University into a model of efficient
and intelligent energy use, by which it is expected to obtain electricity savings ranging from 20 and
30 percent by using solar, biomass, and hydrogen energy, as well as the promotion of green culture.

With the title of “The University City and Energy”, the macro project, which can serve as an
example to other communities in the country, includes 21 projects contained in 6 research lines,
highlighting the creation of public lighting with solar energy, saving electric energy with the use of
photovoltaic technology, and using the prototype of a multifunctional ecological vehicle and a virtual
classroom for learning and teaching on the subject, among other things.

In this work, the software RETScreen is used, which will help to determine both the technical
and economic feasibility of the study. RETScreen is a Clean Energy Management Software system for
energy efficiency, renewable energy, and cogeneration project feasibility analysis, as well as ongoing
energy performance analysis. It is developed by Canada’s government through the Natural Resources
Canada office.

UNAM has some campuses outside of Mexico City. One of them is the National School of Higher
Studies Juriquilla (ENES-J) in the state of Queretaro, where there is the Orthotics and Prosthetics
Laboratory (OPL), in which has been installed a Computer Numerical Control (CNC) machine type
Haas Automation model UMC-750, which has 5-axis and is an effective means to reduce setups and
increase accuracy for multi-sided and complex parts. This machine will be used to design, build, and
assess human prosthesis.

The Kyoto Protocol has established three mechanisms: The Clean Development Mechanism (CDM),
Joint Implementation (JI), and Emissions Trading (ET), which allow parties to pursue opportunities to
cut emissions or enhance carbon sinks abroad. The cost of curbing emissions varies considerably from
region to region, and therefore it makes economic sense to cut emissions where it is cheapest to do so,
given that the impact on the atmosphere is the same [36]. It is important to mention that a project can
be evaluated as CDM if the project is planned in a developed country.

The main objective of this work is to contribute to sustainability policies at the ENES-J from
UNAM implementing a solar photovoltaic system to deliver electricity to the grid and contribute to
reducing the electricity load at the Orthotics and Prosthetics Laboratory (OPL), as well to propose new
research lines to support the sustainability policies in universities and proposing a financial analysis.

In the following section, the materials and methods are described. In Section 3, the results and
discussion are presented. Finally, Section 4 presents the main conclusions and future research lines.

2. Materials and Methods

The average solar irradiation recorder in the area studied is 6.1 kWh/m2/day with an average
global horizontal irradiance (GHI) of 800 W/m2. The PVS has been designed to contribute with the
CNC machine type Haas Automation model UMC-750 electric load and could be applied to any site
when data are known.

Figure 1 shows both, the Computer Numerical Control (CNC) machine type Haas Automation
model UMC-750 arriving at the Orthotics and Prosthetics Laboratory (OPL) and an image obtained
from the machine’s website.
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Figure 1. Computer Numerical Control (CNC): (a) CNC installed at the Orthotics and Prosthetics
Laboratory (OPL); (b) CNC Haas Automation model UMC-750.

All the electric energy at the National School Higher Studies in Queretaro is delivered by the
electric grid; in this case, the PVS show both economic and technical benefits.

The electric load demanded by the CNC machine is presented in Table 1.

Table 1. The CNC Haas Automation model UMC-750 electric load.

Description Electric Load (kW)
Useful Hours per Day

(h/Day)
Useful Days per Week

(d/Week)

Haas Automation
UMC-750 22.4 4 5

With the electric load presented in Table 1, the electric rate will be the highest one, named Domestic
High Consumption Tariff (DHCT), which means that it is the one with the highest prices; the load is
in AC.

The ENES-J belongs to UNAM and is located in the city of Queretaro in central Mexico. This
city is a semidesert zone, with an average temperature of 16.4 ◦C during the year. The maximum
temperature is 28 ◦C in April and May, and the minimum is 6 ◦C in January [37]. In Figure 2 is shown
the geographic position of Queretaro Mexico.
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Figure 2. Queretaro’s geographic location.

Data are extracted from the Synoptic Meteorological Station (SMS) that belongs to the National
Weather Service (NWS) of Mexico. In the state of Queretaro, there is one SMS, and this meteorological
station delivers data every 10 minutes. The process of recording data is as follows: the data acquirer is
programmed to record data every 2 seconds and after 10 minutes delivers an average. The variables
registered are wind speed, wind direction, air temperature, atmospheric pressure, rain, relative
humidity, and solar radiation. This last one is our focus of study. Table 2 shows the main characteristics
of these meteorological stations.

Table 2. AMS and SMS characteristics.

ID
Latitude Longitude

Average Solar Global
Radiance

Average Air
Temperature

(N) (W) (W/m2) (◦C)

Queretaro 20.5633◦ −100.3694◦ 800 16.4

2.1. Modelling the Energy

The software RETScreen has been applied in several studies on renewable energy to determine
their feasibility [38–42]. RETScreen rapidly identifies, assesses and optimizes the technical and financial
viability of potential clean energy projects. This decision intelligence software platform also allows
managers to easily measure and verify the actual performance of their facilities and helps find additional
energy savings/production opportunities [43].

Figure 3 shows how the software looks and the variables taken into the assessment.
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Figure 3. The workflow used in the RETScreen software.

The workflow shown in Figure 3 represents the model used by the software. The data set is the
first variable needed, followed by location and facility, the energy project, costs, and emission analysis,
then both financial and risk analyses are done.

Figure 4 shows the data used and technology selected in the software.

Figure 4. Initial characteristics: (a) Meteorological variables used; (b) technology used in the software.

Data used in the study are included in the location module (see Figure 4a). The technology used
is added in the energy module, as seen in Figure 4b. As we can see in this last figure, the manufacturer,
model, number of solar panels, initial costs, and other variables must be included.

2.2. Solar Assessment

The solar global irradiance assessment considers the variable which is most important to calculate
a PVS [44]. Through the photoelectric principle, solar irradiation is converted into electrical energy
and can be delivered to consumers. An inverter alternative current (AC) can be used, or a direct
current (DC).

153



Sustainability 2020, 12, 3123

The PVS equipment includes a PV panel, a load regulator to regulate the voltage generated
by the PV panel (this load regulator can perform a charge cycle on deep cycle batteries), and the
protection systems.

PVS Requirements

One we defined the PVS, these recommendations must be followed:

1. Charges calculation: in this section, the charges must be defined (AC or DC), with useful time
and quantity. These data can determine the installed capacity, kiloWatt, (kW) and consumption,
kiloWatt-hour, (kWh).

2. Solar sizing: determining sun peak hours (SPH) or irradiation (kWh/m2/day) with data obtained
from AMSs.

3. Power, voltage, current and panel area.
4. Determining the number of PVs using Equations (1) and (2).

E =
ET

R
(1)

NP =
E

0.9 Wp SPH
(2)

where E is the real energy consumption in kWh, ET is the theoretical energetic consumption in
kW, R is a proportional constant that includes losses related in the batteries use, inverters and
electrical wiring, commonly its value is 0.8, NP is the number of PV, SPH are sun peak hours, and
Wp is the PVS peak power.

5. Inverter selection: the inverter will be in the function of the charge and operation.

To determine the correct position of the PVS, some variables need to be considered, such as the
solar declination angle (δ) that can be defined as the angle formed by the plane that contains the axis
of terrestrial rotation and the plane perpendicular to the elliptic [45]. The solar declination angle is
positive in the North and varies between −23.45◦ ≤ δ ≤ 23.45◦. Its highest value is on June 21, and its
lowest on December 22 [46]. The expression of the solar declination angle in Equation (3) includes
Julian days, n.

δ = 23.45◦ sin (360(n + 284)/365) (3)

The angle formed with respect to the equator is called the latitude angle (φ) and is considered
positive in the North and negative in the South, its value being between –90◦ ≤ φ ≤90◦.

The hour angle (ω) is formed by solar rays and the meridional plane at the site. The measure
is from the meridional plane, in which the position of the Sun at 12:00 h has a ω = 0◦. In the East is
positive and in the West is negative, the position of the Sun at 6:00 h, ω = 90◦, at 18:00 h, ω = –90◦. The
hour angle is given by Equation (4).

ω =
360 (12 − t)

24
(4)

where t is time in hours in decimal.
The angle between the horizontal plane and PVS is known as the optimum angle (β), and this angle

needs to be oriented at the South in the North hemisphere. This angle has values from 0◦ ≤ β ≤ 180◦
and can be expressed by Equation (5).

β = |φ− δ| (5)

The PVS power output components such as module operating temperature and its nominal
efficiency (ηref) depend on the environmental conditions, as well as the optimum output (ηPV). The
Mexican solar abridgment [47] establishes that the PV module ηPV is a function of ηref, the temperature
of the cell TC, the module power temperature coefficient βref (which is considered between −0.3% to
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−06% per ◦C) [48], and the standard temperature Tstc; this last one is provided by the manufacturer.
With these conditions, the PVS efficiency can be calculated by Equation (6).

ηPV= ηre f

[
1 − βre f (TC − Tstc)

]
(6)

To calculate TC, in Equation (7), is necessary to have the air temperature of the site Ta and the solar
radiation Irad, as well as the nominal operating cell temperature (NOCT) provided by the manufacturer.

TC= Ta +
NOCT − 20◦C

800 W/m2 Irad (7)

The PV power output module is expressed by Equation (8).

Pout= Pmax,stc

( Irad
Gstc

) [
1 − βre f (TC − Tstc)

]
(8)

where Gstc is the irradiance at standard conditions whose value is 1 kW/m2, and Pmax,sct is the cell
maximum power at standard test conditions.

2.3. Inverter

Inverters are electric and electronic equipment developed to transform DC into AC. The inverters
interconnected to the electric grid need to consider the grid electric characteristics such as voltage
and frequency.

According to the Mexican standard NOM-001-SEDE-1999, the inverter nominal capacity could
be between 75% to 80% of the PVS nominal capacity, because of temperature losses, electric wiring,
shadowed and mismatch of the system. The inverter input voltage in PVS interconnected to the grid
must be higher than 100 VDC. Additionally, it is recommended to use a maximum interconnection
voltage in AC of 13% above the grid’s nominal voltage.

The inverter selected is the model Advanced Solar Photonics: PV240-277V and 3 inverters are
needed for the PVS. The characteristics of the inverter are presented in Table 3.

Table 3. Inverter characteristics.

Advanced Solar Photonics: PV240-277V

Maximum AC power 3980 Wac
Maximum DC power 4076.32 Wdc

Power consumption during operation 30.8666 Wdc
Nominal AC voltage 277 Vac

Maximum DC voltage 450 Vdc
Maximum DC current 11.3231 Adc
Nominal DC voltage 360 Vdc

The inverter efficiency curve is presented in Figure 5.
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Figure 5. Inverter efficiency.

Figure 5 shows that the selected inverter has 98% efficiency. In this figure, three curves can be seen:
the nominal DC voltage (Vdco), or design input voltage; the minimum MPPT DC voltage (MPPT-low),
the manufacturer-specified minimum DC operating voltage; and the maximum MPPT DC voltage
(MPPT-hi), the manufacturer-specified maximum DC operating voltage.

2.4. Financial Model

The financial model used calculates financial metrics of the power project based on a project’s
cash flows over an analysis period studied. The financial model uses the system’s electrical output
calculated by the performance model to calculate the series of annual cash flows.

According to Short et al. [49], the financial metrics are defined based on the definitions and
methods as follows:

The present value (PV) analysis is a measure of today´s value of revenues or costs to be incurred
in the future. PV is considered an important financial variable because it shows the cost assumed in
moment zero. It is defined by Equation (9).

PV =
1

(1 + d)n (9)

where d is the annual discount rate, and n is the number of periods studied.
Internal rate return (IRR) is commonly used for many accept or reject decisions because it allows

for a comparison with a minimum acceptable rate of return that presents an opportunity cost of capital.
It is calculated through iterations until PV cash flow is equal to zero.

156



Sustainability 2020, 12, 3123

A simple payback period (SPB) is the number of years necessary to recover the project cost of
investment under consideration and can be worked out by using Equation (10).

∑
n

ΔIn ≤
∑

n
ΔSn (10)

where ΔI is the non-discounted incremental investment cost, and ΔS is the non-discounted sum value
of the cash flows net annual costs.

Benefit/cost ratio (B/C) shows whether, and to what extent, the benefits of a project exceed the
costs. The B/C ratio is expressed by Equation (11).

B/C =

(
PV (all Benefits)

PV (all Costs

)
(11)

where PV (all Benefits) is the present value of all positive cash flow equivalents, and PV (all Costs) is
the present value of all negative cash flow equivalents.

2.5. Sensitivity Analysis

According to Helton [50] and Saltelli et al., [51] a sensitivity analysis (SA) is a typical measure
used to quantify the impact of parameter uncertainty on overall simulation/prediction uncertainty.
Evaluating the two indices requires calculating the mean and variance in the parameter space, and this
is always done by using Monte Carlo (MC) methods. The quasirandom sampling method is the most
computationally-efficient one among the existing MC methods. Following Saltelli et al. [52], the mean
and variance are evaluated with Equations (12) and (13),

Vθ∼i

(
Eθ∼i(Δ|θi)

)
=

1
n

n∑
j=1

f
(
Bj
)(

f
(
Ai

B, j

)
− f
(
Aj
))

(12)

and

Eθ∼i

(
Vθi(Δ|θ∼i)

)
=

1
2n

n∑
j=1

(
f
(
Aj
)
− f
(
Ai

B, j

))2
(13)

where Δ = f (.) denotes a model execution for its parameters. The calculation requires two independent
parameter sample matrices, A and B, with the same dimension of n × d, where n is the number of
samples and d is the number of parameters. Matrix Ai

B is the same as matrix A, except that its ith column
is from the ith column of matrix B. Suscript j denotes the jth row of the corresponding matrix [53].

2.6. Capital Asset Pricing Model (CAPM)

The Capital Asset Pricing Model (CAPM) describes the relationship between systematic risk and
expected return for assets. CAPM has been developed by Sharpe [54], Lintner [55] and Ferreira et al. [56].
This model estimates the cost of equity, which allows for comparison among businesses with an
economic rationale for calculations [57]. The CAMP equation is widely used for calculating the
expected returns of an asset and can be expressed by Equation (14).

ERi= R f+βi

(
ERm − R f

)
(14)

where ERi is the expected return of an asset, Rf is the risk-free rate, βi is the beta of the investment
(according to NASDAQ:FSLR the beta of the solar stock is 1.84), ERm is the expected return of the
market (Mexican ERm is 8.00%), and (ERm – Rf) is the market risk premium. The Mexican risk-free
rate is taken from the Bank of Mexico and is equal to 7.00%, βi is a measure of a stock’s risk given by
measuring the fluctuation of its price changes relative to the overall market; the market risk premium
represents the additional return over and above the risk-free rate.
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2.7. Levelized Cost of Electricity (LCOE)

The levelized cost of electricity (LCOE) has been used to determine the USD per megawatt-hour
($/MWh) cost of PVS over the life of the capacity [57] and may compare different scenarios. According
to Perkins [58], the expression used to calculate LCOE is given by Equation (15).

LCOE =

∑n
t=1

It+Mt +Ft
(1+r)t∑n

t=1
Et

(1+r)t

(15)

where It is the invested capital, Mt is the operating and maintenance costs, Ft is the solar photovoltaic
feedstock, Et is the energy delivered to the grid (MWh/yr), n is the lifetime of the project, and the
discount rate is given by r. The Mexican Central Bank shows the value of the discount rate of 7.25% [59].

2.8. Emission Analysis

Greenhouse gases (GHG) include water vapor, ozone (O3), carbon dioxide (CO2), nitrous oxide
(N2O), methane (CH4), nitrous and several classes of halocarbons. GHG allow solar radiation to enter
the Earth’s atmosphere but prevent the infrared radiation emitted by the Earth’s surface from escaping.
Instead, this outgoing radiation is absorbed by the GHG and then partially re-emitted as thermal
radiation back to Earth, warming the surface [60].

According to the “National Inventory of Emissions of Greenhouse Gases and Compounds
(INEGYCEI)” that presents the National Institute of Ecology and Climate Change (INECC) in accordance
with Article 74 of the General Law of Climate Change, Mexico emitted 683 million tons of carbon
dioxide equivalent (MtCO2e) of GHG in 2018.

The Inventory is an instrument that allows for knowing the emissions of Mexico that originate
from human activities throughout the national territory. It is a fundamental exercise in designing
emission reduction policies, understanding the main sources and the role that ecosystems play in
capturing part of these emissions.

Mexico is conducting an inventory, in accordance with scientific and technical criteria established
by the Intergovernmental Panel on Climate Change (IPCC), which is a signatory of the United Nations
Framework Convention on Climate Change (UNFCCC).

The most relevant gas emitted by Mexico is carbon dioxide with 71% of emissions, followed by
methane with 21%. According to total emissions, 64% corresponded to the consumption of fossil fuels;
10% originated from livestock production systems; 8% came from industrial processes; 7% were issued
for waste management; 6% for fugitive emissions from oil, gas and mining extraction, and 5% were
generated by agricultural activities. In the inventory 148 MtCO2e absorbed by the vegetation were
also counted, mainly in forests and jungles. The net balance between emissions and removals for 2018
was 535 MtCO2e. It was estimated that in 2018, 112,240 tons of this short-lived climatic forcer was
generated, which has negative effects on public health.

3. Results and Discussion

3.1. Photovoltaic Output Generator

The PV generator is the group of modules connected in parallel before the interconnected boxes.
The output generator depends on air temperature; the natural degradation of semiconductors via the
photoelectric process; the orientation and solar tilt; dust; and shadows.

The output PV is calculated under the Mexican standard NMX-J-643/1-ANCE-2011 related to
photovoltaic power. The PV modules are composed of semiconductors but have some differences
because they present some variations in electric parameters which are dependent on the air temperature.
In order to define how the temperature impacts these PV electrical parameters, it is necessary to know
the thermal coefficients: the thermal coefficient of maximum power (γ, gamma); the thermal coefficient
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of open-circuit voltage (β, beta), and the thermal coefficient of short circuit current (α, alpha). Table 4
shows the typical values of thermal coefficients in different PV technologies.

Table 4. The thermal coefficients.

Coefficient
Technology

Silicon Solar Cells Thin-Film Solar Cells III-V Solar Cells

γ −0.4%/◦C −0.3%/◦C −0.4%/◦C
β −0.3%/◦C −0.2%/◦C −0.3%/◦C
α 0.05%/◦C 0.01%/◦C 0.02%/◦C

The thermal output is calculated by Equation (16).

Thermaloutput= 1 + (γ · ΔT) (16)

With this information, it is possible to forecast the variation of temperature on the module during
its use. Table 5 presents the average monthly temperature in Queretaro.

Table 5. The average monthly temperature in Queretaro.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

T(◦C) 12.4 14.1 16.7 19.4 20.6 19.5 18.0 17.7 17.0 15.6 13.9 12.7

In this study, solar panels of the type mono-Si Advance Power API-M330 are evaluated. In
Figure 6 is shown the current (Amps) and voltage (Volt) relationship of the module. The PVS general
efficiency is calculated considering the inverter and conductors efficiency, resulting in 72.5%.

Figure 6. The photovoltaic (PV) panel amperes and voltage relationship.

The module characteristics at the reference conditions are presented in Table 6.
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Table 6. Module characteristics.

Advance Power API-M330

Nominal efficiency 17 %
Maximum power (Pmp) 329.875 Wdc

Max power voltage 37.7 Vdc
Max power current 8.8 Adc
Open circuit voltage 46.8 Vdc
Short circuit current 9.6 Adc

3.2. Solar Resource

The irradiance recorded each month in Queretaro is shown in Figure 7.

Figure 7. Monthly solar radiation in Queretaro.

Once knowing the consumption, the solar resource must be analyzed. In Table 7 is shown the
irradiance in Queretaro.

Table 7. Average monthly irradiance in Queretaro.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

kWh/m2/day

4.84 5.86 6.81 7.04 6.81 6.36 6.14 6.06 5.49 5.29 5.09 4.58 5.86

Considering the efficiencies and solar resource, it is possible to calculate the PVS peak power
(PVSpp) by using Equation (17).

PVSpp =
Daily energy consumption

solar resource × PVS efficiency
(17)

Then, the PVSpp is 21.08 kW.
The comparison between the electricity delivered to the grid and the electricity load each month

is shown in Figure 8.
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Figure 8. Electricity to the grid and electricity load.

Figure 8 presents both electricity delivered to the electric grid and the electricity load (CNC
machine) per month. It can be appreciated that in June, July, and August, the electricity load is higher
than the electricity delivered by PVS. This is due to higher temperatures in these months in Queretaro.
This variation coincides with Bilcik et al. [14], who found that photovoltaic modules depend on climatic
conditions, and as can be seen, in Queretaro these months are the warmest of the year. The electricity
delivered to the grid behaves as solar radiation; even if the CNC machine works at night, the period
will be short. In Queretaro, the relative humidity is 44%; in this case, this variable does not influence
the PVS performance, as exposed by Arikan et al. [21].

The monthly energy production by month is presented in Figure 9. March, April, and May are the
most energetic months.
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Figure 9. Monthly energy production in Queretaro.

3.3. Financial Assessment

The financial analysis has been done considering the following summary of PVS data: a capacity
factor of 20.4%, initial costs 46,575 $/kW, operation and maintenance (O&M) costs (savings) of
569 $/kW-year, an electricity export rate-monthly of 0.10 $/kWh, electricity exported to grid 21.5 MWh,
and electricity export revenue of $2,145, as in the work done by Al-Najideen et al. [20], they study a
PVS of 56.7 kW grid connected analyzed under the initial costs and the payback period.

RETScreen has been used in different assessments. Its implementation allows it to determine the
viability of PVS. Its financial model allows it to calculate from some input parameters (e.g., discount
rate and debt ratio) the output items of financial viability such as IRR, SPB, and NPV. Several authors
have assessed solar photovoltaic projects using the RETScreen software obtaining important results, as
done by Yendaluru et al., [38] who analyzed the techno-economic feasibility of an integrating grid-tied
solar PV plant in a wind farm, or Islam et al., [39] who evaluated an LED system.

In general, given the discount rate, a positive net present value indicates an economically-feasible
project, while a negative net present value indicates an economically-infeasible project. It is
important to evaluate the NPV along with other metrics, including capacity factor or IRR, and
this is expressed as Equation (18). All these parameters allow the project decision-maker to consider
various financial parameters.

NPV =
N∑

n=0

Cn

(1 + dreal)
n (18)

where Cn is the after-tax cash flow in year n for the residential and commercial models, N is the analysis
period in years, and dreal is the real discount rate, because this rate excludes inflation effects.

The financial parameters obtained are presented in Table 8.
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Table 8. Financial parameters.

Financial Viability

IRR % 22.6
Repayment of capital year 1.8

Net present value $ 7446
Benefit-Cost ratio 6.8

As can be seen in Table 8, the parameters indicate that in 1.8 years, the cash flow will be positive.
Another very interesting indicator is the cost-benefit ratio, which means that benefits are 6.8 times
higher than costs.

Figure 10 shows the cumulative cash flow, which represents the net pre-tax flows accumulated
from year 0. It represents the estimated sum of cash that will be paid or received each year during the
entire life of the project.

Figure 10. Cumulative cash flow.

The results of the sensitivity analysis are presented in this section. Tables 9 and 10 show what
happens if the electricity price and machine hours parameters, as well as electricity exported to the
grid and solar irradiance, vary, respectively.

In Tables 9 and 10, a sensitivity analysis is presented between electricity price ($)-machine hours
(h) and electricity exported to grid ($)-solar irradiance (kWh/m2/day).

Table 9. The sensitivity analysis between machine hours and electricity price.

Electricity Price ($)

$0.0116 $0.0136 $0.0155 $0.0174 $0.0194

Machine
hours

3 $0.0349 $ 0.0407 $0.0465 $0.0523 $0.0581
4 $0.0465 $0.0543 $0.0620 $0.0698 $0.0775
5 $0.0581 $0.0678 $0.0775 $0.0872 $0.0969
6 $0.0698 $0.0814 $0.0930 $0.1046 $0.1163
7 $0.0814 $0.0949 $0.1085 $0.1221 $0.1356

Shaded amounts indicate the best scenario if the price increases and bolded are the optimal prices.
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Table 10. The sensitivity analysis between solar irradiance and electricity price.

Electricity Exported to Grid ($)

$0.0750 $0.0875 $0.1000 $0.1125 $0.1250

Solar
irradiation

(kWh/m2/day)

4.6 $0.343 $0.400 $0.458 $0.515 $0.572
5.3 $0.400 $0.467 $0.534 $0.600 $0.667
6.1 $0.458 $0.534 $0.610 $0.686 $0.763
6.9 $0.515 $0.600 $0.686 $0.772 $0.858
7.6 $0.572 $0.667 $0.763 $0.858 $0.953

Shaded amounts indicate the best scenario if the price increases and bolded are the optimal prices.

A what-if analysis is presented in Tables 9 and 10. In Table 9 it can be observed that the electricity
price increases if the hours of the machine increase as well, so that with PVS, money can be saved
even if the machine works up to 7 hours per week. In Table 10, the analysis is done between solar
irradiance and electricity exported to the grid. As can be seen, if the solar irradiation increases, the
price of exported energy does, so that, if a CNC machine works more than 5 h per day and there are
more than 6.1 kWh/m2/day, the PVS will contribute to saving money.

The CAMP result is 8.84%, which is the expected return of the asset. It is bigger than the Mexican
discount rate, which is 7.25%.

LCOE analysis shows that the cost of utility electricity is 15.5 cents/kWh, and with this price the
energy produced by PVS will reduce future costs, compared with the cost of an electricity tariff that is
5 USD per kWh/month [61].

3.4. Emissions

Greenhouse gases (GHG) include water vapor, carbon dioxide (CO2), methane (CH4), nitrous
oxide (N2O), ozone (O3) and several classes of halocarbons (that is, chemicals that contain carbon
together with fluorine, chlorine, and bromine). Greenhouse gases allow solar radiation to enter the
Earth’s atmosphere but prevent the infrared radiation emitted by the Earth’s surface from escaping.
Instead, this outgoing radiation is absorbed by the greenhouse gases and then partially re-emitted as
thermal radiation back to Earth, warming the surface.

The most relevant greenhouse gases to the energy project analysis are CO2, CH4, and N2O. These
GHG can also have a significant impact on global warming.

Table 11 shows the proposed case system with the GHG summary in comparison with a combined
cycle power plant.

Table 11. The PVS GHG summary.

Fuel Type
Fuel
Mix

CO2 Emission
Factor

CH4 Emission
Factor

N2O Emission
Factor

Fuel
Consumption

GHG Emission
Factor

% kg/GJ kg/GJ kg/GJ MWh tCO2/MWh

Solar PV 100 0.0 0.0 0.0 0 0.45
Combined

cycle power
plant

100 278.9 0.0108 0.0072 21.5 1.012

As can be seen, the system proposed has no GHG emission and has a GHG emission factor of
0.45 tCO2/MWh.

The results obtained in this study establish a relationship with the works done by Lintner [55],
where he determined that a PVS installed in a university could deliver enough energy to contribute to
reducing the energy demand; or with Mukherji et al. [17], where in their results they concluded that
could reduce greenhouse emissions.
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4. Conclusions and Future Research Lines

University sustainability covers both the set of activities aimed at the appropriate use of resources
in such a way as to guarantee the permanence and development of the University as an institution and
the effect that the university’s activity can have on the sustainability of society.

Universities continue to have a major responsibility in contributing to a more sustainable world;
their actions in favor of sustainability and integrity should be a model for all sectors of society.

Many previous studies have shown the importance of the use of renewable energies within
universities to achieve energy, economic, and environmental sustainability.

With the implementation of PVSs in Mexican universities, UNAM contributes both to its own
sustainability plan and Mexico’s sustainability.

In our case study, a PVS will be installed at ENES-J, which will be interconnected to the electrical
grid and will support the electric demand of the Computer Numerical Control (CNC) type Haas
Automation model UMC-750 at the Orthotics and Prosthetics Laboratory (OPL). The CNC will work
5 days a week for 4 h a day, with a peak load of 22.4 kW, and an energy required of 448 kWh per week.

UNAM’s sustainability plan includes energy savings. To help achieve this, in the facilities of
ENES-J in Queretaro in an area of 96.7 m2, 50 solar panels of type mono-Si Advance Power API-M330
with an efficiency of 17.83% and a capacity factor of 20.4% will be installed, and they will provide
17.25 kW of power and 345 kWh of energy. The financial assessment shows initial costs of 46,575 $/kW,
O&M costs (savings) of 569 $/kW-year, electricity export rate-monthly of 0.10 $/kWh, electricity exported
to the grid of 21.5 MWh, and electricity export revenue of $2,145. Using this PVS, the ENES-J will save
$12,089 per year, equivalent to 24,566 liters of fuel or 23.6 of barrels of crude oil not consumed. A
sensitivity analysis, or what-if analysis, was done between machine hours and electricity price and
solar irradiance and electricity exported to the grid. In the first analysis it can be proven that if the
CNC machine works more hours per day, the use of PVS can save money; in the second analysis, the
electricity exported to grid increases if solar irradiation does, so that if the CNC machine works more
than 5 h per day and there are more than 6.1 kWh/m2/day, the PVS will contribute to saving money.

It was found that the levelized cost of electricity (LCOE) is 15.5 cents/kWh, which allows for
reducing the costs during the lifetime of the project.

The gross annual reduction in GHG emissions will be 10.2 tCO2, with a GHG emission factor of
0.45 tCO2/MWh. Considering these results, the implementation of the PVS is feasible, contributing to
the ENES-J sustainability plan.

Comparing this technology with a combined cycle power plant, the contribution to reducing GHG
represents a reduction of CO2 emission factor of 278.9 kg/GJ, or CH4 emission factor of 0.0108 kg/GJ
and N2O emission factor of 0.0072 kg/GJ.

As future research, it would be interesting to use other renewable energy sources such as biomass,
wind, and thermal energy, not only for individual use, but also to improve energy sustainability
at Universities.
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Abstract: According to the Law for the Use of Renewable Energies and the Financing of Energy
Transition, Mexico’s goal for 2024 is to generate 35% of its energy from non-fossil sources. Each year,
up to 2630 tons of residual biomass from the zapote industry are dismissed without sustainable use.
The main purposes of this study were to determine the elemental chemical analysis of the zapote
seed and its energy parameters to further evaluate its suitability as a solid biofuel in boilers for the
generation of thermal energy in a tropical climate. Additionally, energy, economic, and environmental
assessments of the installation were carried out. The results obtained show that zapote seed has a
higher heating value (18.342 MJ/kg), which makes it appealing for power generation. The Yucatan
Peninsula is the main zapote-producing region, with an annual production of 11,084 tons. If the stone
of this fruit were used as biofuel, 7860.87 MWh could be generated and a CO2 saving of 1996.66 tons
could be obtained. Additionally, replacing a 200 kW liquefied petroleum gas (LPG) boiler with a
biomass boiler using zapote seed as a biofuel would result in a reduction of 60,960.00 kg/year of CO2

emissions. Furthermore, an annual saving of $7819.79 would be obtained, which means a saving
of 53.19% relative to the old LPG installation. These results pave the way toward the utilization
of zapote seed as a solid biofuel and contribute to achieving Mexico’s energy goal for 2024 while
promoting sustainability in universities.

Keywords: sustainability; renewable energy; zapote seed; universities; biomass boiler

1. Introduction

The increase in the worldwide population, which is expected to exceed 11 billion by the end
of the century, together with economic and social development, has led to an increase in energy
demand [1,2]. Despite progressive growth and the falling costs of renewable energy sources, coal,
oil, and gas remain the mainstay of the steadily growing energy consumption on a global scale [3].
The energy transition to a low-carbon economy is also threatened by geopolitical and commercial
tensions, and by declining investment in clean energy, according to a study published by Capgemini in
collaboration with De Pardieu Brocas Maffei and Vaasa ETT. As a result, the concentrations of the main
greenhouse gases (GHG) that trap heat in the atmosphere once again reached record levels in 2018:
carbon dioxide (CO2) increased by 147%, methane (CH4) by 259%, and nitrous oxide (N2O) by 123%.
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These increases make climate change more acute as temperatures rise and extreme weather events
multiply [4].

Climate change represents by far one of the major threats facing our society [5]. On 12 December
2015, at the Conference of Parties 21 (COP21) in Paris, all signatory countries came to a historic
agreement to promote and accelerate the necessary measures in the fight against climate change, which
included accelerating the energy transition to a sustainable low-carbon economy. The purpose of
the Paris Agreement was to establish a coordinated global response to the threat of climate change
and to conclude a global agreement on the reduction of greenhouse gases (GHGs), which intends
to limit the increase in global temperature this century to below 2 ◦C compared to pre-industrial
levels and to maintain ongoing efforts to further reduce the rise in temperature to 1.5 ◦C. Furthermore,
the agreement seeks to enhance the capacity of countries to address the effects of climate change and to
ensure that economic streams produce low greenhouse gas (GHG) emissions [6,7].

According to the International Energy Agency, more than a third of the world’s energy is
consumed in buildings, 70% of which is used to meet heating and cooling requirements [8]. Buildings
are one of the main sources of greenhouse gas emissions, and for this reason, more effort is needed
to understand the energy consumption patterns in buildings and to establish strategies for energy
saving at the district level [9,10]. To reduce these emissions (up to 20% since 1990) and promote
the use of renewable energies, among other measures, the European Directive 2010/31/EU introduced
the definition of a nearly zero energy building (NZEB) and appeals for deployment in public
institutions by 31 December 2018, whereas it extends to the identical date in 2020 for privately owned
buildings [11–13]. The principal feature of low-energy buildings is that their energy demand must
be equal to their energy generated, that is, they must be able to produce the same energy or more
than they will consume over a whole year. Furthermore, the energy produced must be in situ or in
the closest environment and using renewable energies [14].

Mexico has clear goals regarding the use and exploitation of renewable energies, and Mexican
universities, in the context of their social and environmental liability, cannot remain on the sidelines of
this commitment. According to the Law for the Use of Renewable Energies and the Financing of Energy
Transition, Mexico’s goal for 2024 is to generate 35% of its energy from non-fossil sources. To achieve
this goal, Mexico would have to increase the share of renewables by 400 percent in less than 10 years.
In Mexico, there are a large number of renewable resources with enormous potential for energy
generation. We can highlight the high levels of solar radiation, a multitude of dams and reservoirs
for the generation of hydroelectric energy, potential for the development of geothermal energy, areas
with intense wind activity, and the generation of large quantities of agricultural and industrial waste,
as well as solid urban waste [15,16].

Renewable energies are almost unlimited resources that nature provides us with and that we
must take advantage of due to their sustainable nature. Another important advantage is that these
resources are indigenous and increase a country’s energy resilience by decreasing its dependence on
energy imports. They also increase the diversification of the energy supply and boost the growth of
new technologies and job creation [17]. Under the term of renewable energy, different heterogeneous
categories of technologies can be grouped. Some technologies can generate electricity and heat,
as well as mechanical energy, while others can produce solid, liquid, or gaseous fuels that meet
multiple energy needs. On the other hand, while some technologies can be implemented within rural
and urban environments at the same place of consumption (centralized), others are generated at a
distance and therefore require large transport networks (decentralized) [18,19].

Among the available renewable energies, the use of biomass for heating has experienced great
growth in the last decade. Biomass is becoming more and more important as an alternative to
traditional fossil fuels, such as coal or oil derivatives, since it is a more accessible and a better-distributed
geographical resource, its theoretical balance of CO2 emissions is considered to be zero, and it is
renewable, among other advantages [20]. Biomass can be defined as the organic substances that have
their origin in the carbon compounds formed in photosynthesis and that can be used as an energy
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source. Under this definition, many materials can be considered biomass. Solid biofuel sources are
usually divided into those of primary nature and those of secondary nature. In the former, which
includes energy crops and forest biomass extracted for energy purposes, their management and use
are mainly oriented toward energy production. In the sources of secondary origin, in what is generally
called residual biomass, we find agricultural by-products (straw, cane, and fruit prunings), forest
by-products (remains from forestry interventions, such as branches and trees with no commercial
value), and industrial by-products (sawdust, fruit shells and stones, etc.). Both primary and secondary
biomass can be used either via direct combustion or thermochemical processes, such as pyrolysis
and gasification [21]. Additionally, both primary and secondary sources can be used for the generation
of thermal energy in boilers and district heating networks, as well as for the generation of electrical
energy in biomass plants.

Heating and domestic hot water generation are the most widespread thermal applications of
biomass, though it is also used for cooling and power generation. Biomass can be used to generate
the thermal energy necessary to power an air-conditioning system (heating and cooling), either at
a centralized level (single-family house or block of flats) or at a decentralized district level (several
buildings) [22,23]. Implementing a distribution network to supply not only housing estates and other
residential dwellings but also public buildings, industries, etc., is known as “district heating”,
and involves transporting the thermal energy over a distance through ducts that are not structurally
integrated into a single building [24].

A recent Reuters Business Insight report estimates that the contribution of bioenergy to the world’s
primary energy supply could reach 50% by 2050. Bioenergy projects are largely conditioned by
the location and availability of biomass resources, although in recent years, the market for standardized
biofuels has developed considerably. Within the applications of biomass for heating, its use in boilers
to replace fossil fuels has experienced a great boom in the last decade, mainly due to the significant
energy and economic savings obtained [25].

Among the most commonly used fuels for biomass boilers are pellets, mostly from the wood
and forestry industries that generate waste in the form of sawdust and chips. However, due to
the increase in the price of this biofuel in recent years, it is necessary to investigate new forms of
bioenergy that allow for reducing costs on the one hand and alleviating the pressure on the wood
industry on the other. The European standard EN 14961-1 promotes the use of new forms of
biofuels, and studies have already shown the potential of certain fruit shells and stones for generating
heat [26–29].

Today, Mexico is a country that depends heavily on fossil fuels for the production of its primary
energy. If we pay attention to its energy production between the years 2007 and 2017, this amounted to
8935 PJ, of which 88.2% was referred to fossil fuels, 7.2% was renewable energy (1.31% obtained from
biomass), 3.4% was from coal, and 1.2% was nuclear energy [30].

If we focus on primary energy production in Mexico from biomass, the main sources are firewood,
occupying 5.2%, and sugarcane bagasse with 0.9%. A large part of the energy production from sugar
cane bagasse (50%) is used by the sugar industry for the production of its energy [31].

According to the Mexican Secretary of Energy (SENER), 45% of the waste obtained from crops is
used as fertilizer or for cooking and heating houses in rural areas [31].

Honorato-Salazar et al. [32] studied the available agricultural residues in Mexico from twenty
crops. They estimated that there is between 17.5 and 58.1 megatons of dry matter produced per year
(Mt DM/yr). The corresponding bioenergy potential ranges from 313.4 PJ/yr to 1039.4 PJ/yr.

The zapote mamey (Pouteria sapota, also called Lucuma mammosa) is a tree species of the Sapotaceae
family. The zapote mamey tree is an ornamental, perennial tree that can reach a height of up to 40 m
and a diameter at breast height of more than 1 m. The trunk is straight and may have buttresses.
The external bark is cracked and falls off into rectangular pieces, brownish-gray to brownish-black in
color, with a thickness of 10 to 20 mm. The leaves are arranged in a spiral and agglomerate at the tips of
the branches. The fruits are berries that are up to 20 cm long, ovoid, reddish-brown in color, and rough

171



Sustainability 2020, 12, 4284

in texture. The mesocarp is sweet, fleshy, orange to reddish, with small amounts of latex when unripe.
It usually contains a seed that is up to 10 cm long, ellipsoid, and black to dark brown. The percentage
in weight of the seed ranges from 8% to 16% of the total weight of the fruit [33].

Its exact origin is difficult to determine since it was already being cultivated throughout tropical
America before the arrival of Europeans. Its natural range probably extends from southern Mexico
to Nicaragua, Belize, and northern Honduras. In Mexico, the original areas of distribution are likely
to have been in Veracruz, Tabasco, and northern Chiapas; however, it is now found in all southern
Mexican states. It is cultivated from Florida (USA) to Brazil and Cuba. It has also been introduced to
the Philippines, Indonesia, Malaysia, and Vietnam. It is a plant that is widely distributed in its place of
origin, from southern Mexico to Guatemala and Belize, where it is found both wild and cultivated [34].

In Mexico, production has been concentrated since 2006, mainly in the states of Yucatan
and Guerrero, but the states of Chiapas, Michoacan, Veracruz, and Campeche are consolidating
their participation in production every year. The trend in the production of Mamey in Mexico has
had a greater momentum from 2006 to 2008; after that period of growth, the upward trend has been
constant but slow [33]. Figure 1 shows the zapote production in the main states of Mexico.

Figure 1. Zapote production in the main states of Mexico.

The fruit is eaten raw or made into smoothies, ice cream, and fruit bars. It can be used to produce
jam and jelly. Some beauty products use pressed oilseed to produce what is known as sapayul oil.
However, the food and cosmetics zapote industries produce large amounts of waste, which is thrown
away without making environmentally responsible use of it.

The main purposes of this study were to determine the elemental chemical analysis of
the zapote seed and its energy parameters to further evaluate its suitability as a solid biofuel in
boilers for the generation of thermal energy in a tropical climate. Additionally, energy, economic,
and environmental assessments of the installation were carried out.
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2. Case Study

The heavy chemistry laboratory of the Faculty of Engineering of the University of Veracruz
in Mexico was taken as a case study (Figure 2). The Veracruzana University (UV) was founded
in 1944 and became autonomous in 1996. It is located in the state of Veracruz on the Gulf of
Mexico. It has five regional headquarters: Xalapa, Veracruz, Orizaba-Córdoba, Poza Rica-Tuxpan,
and Coatzacoalcos-Minatitlán. In terms of the number of students it serves, it is among the five largest
public state universities of higher education in Mexico.

 

Figure 2. Location of the Faculty of Engineering of the University of Veracruz.

The dimensions of the chemistry laboratory (Figure 3) are 35× 15× 3 m, and among the equipment,
the laboratory has two evaporators and a reactor for the dehydration of food. These equipment are fed
by one 200 kW liquefied petroleum gas (LPG) boiler to produce steam. It consumes 200 L of LPG to
produce 400 kg/h of saturated steam. Figure 4 shows the evaporator–condenser assembly.

 

Figure 3. University of Veracruz heavy chemistry lab.
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Figure 4. Evaporator–condenser assembly.

Figure 5 shows the LPG boiler used to produce the steam needed.

 
Figure 5. Liquefied petroleum gas (LPG) boiler used for steam production.

Initially, an energy audit was conducted, which served as the basis for the technical study.
Subsequently, all the required data was gathered to assess the feasibility of substituting the current
LPG boiler with a biomass boiler that would use zapote seeds as fuel.
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2.1. Climatological Data

The city of Coatzacoalcos in the state of Veracruz (Mexico) has a tropical, warm, and humid
climate characterized by a short dry season and heavy rainfall. The average annual temperature is
25 ◦C and the average rainfall is 2471 mm per year. Table 1 shows the most relevant climatic data for
the city of Coatzacoalcos in the state of Veracruz.

Table 1. Climatic data of Veracruz state.

Parameters Values

Longitude 94◦28′32.55” W
Latitude 18◦8′39.77” N
Altitude 10 m

Average maximum annual
temperature 29.2 ◦C

Average minimum annual temperature 22.9 ◦C
Average annual temperature 25.3 ◦C

Average temperature of the dry season 24.3 ◦C
Average temperature of the wet season 26.8 ◦C

Relative humidity 78%

2.2. Overview of the Existing Heating System

The 200 kW LPG boiler operates for approximately 4 h daily and an annual average of 300 days.
Therefore, the thermal power demanded is 240,000 kWh.

Figure 6 shows the operating diagram of the LPG boiler.

Figure 6. Running chart of the LPG boiler.

3. Materials and Methods

Regarding the use of zapote seeds as biofuel, 2000 g of this waste was collected for the determination
of its chemical composition and the evaluation of its energy parameters (Figure 7).
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Figure 7. Zapote mamey (Pouteria mammosa L).

The UNE-EN 14961-1 standard “Solid biofuels–Specifications and fuel classes—Part 1: General
requirements,” was used to assign the biomass quality parameters and the standard UNE-EN 15148
was used for the determination of the volatile matter. These standards have been developed by the
Spanish Association for Standardisation and Certification (AENOR).

Table 2 shows the standards and measuring equipment used.

Table 2. Standards and the measuring equipment used in this study.

Parameter Unit Standards Equipment Standard Deviation (SD)

Higher heating value MJ/kg EN 14918 Calorimeter Parr 6300 (Parr Instrument
Company, Illinois, United States) 0.02

Total sulphur % EN 15289 Analyzer LECO TruSpec S 630-100-700 (LECO
Instrumentos S.L., Madrid, Spain) 0.002

Total hydrogen % EN 15104 Analyzer LECO TruSpec CHN 620-100-400
(LECO Instrumentos S.L., Madrid, Spain) 0.03

Total chlorine mg/kg EN 15289 Titrator Mettler Toledo G20 6.73

Total carbon % EN 15104 Analyzer LECO TruSpec CHN 620-100-400
(LECO Instrumentos S.L., Madrid, Spain) 0.12

Total nitrogen % EN 15104 Analyzer LECO TruSpec CHN 620-100-400
(LECO Instrumentos S.L., Madrid, Spain) 0.009

Ash % EN 14775 Muffle Furnace NABERTHERM LVT 15/11
(Nabertherm GmbH, Lilienthal, Germany) 0.02

Moisture % EN 14774-1 Drying Oven Memmert UFE 700 (Memmert
GmbH, Schwabach, Germany) According to EN14774-1

Volatile matter and fixed carbon % EN 15148 Muffle Furnace NABERTHERM LVT 15/11
(Nabertherm GmbH, Lilienthal, Germany) 0.02

3.1. Humidity

The moisture content was determined by drying the fuel at a temperature of 105 ± 2 ◦C in a
MEMMERT UFE 700 oven and carrying out three to five complete hourly air swaps. After a period of
permanence that should not exceed 24 h to avoid releasing volatiles, the sample was weighed again.
The difference in mass corresponded to the sample’s moisture content.

The percentage of moisture in biofuel is a major factor when determining its energy efficiency.
This is because for the heat to be available, the water must first be evaporated, where the greater
the moisture percentage, the lesser the calorific value of the fuel. Furthermore, a high moisture
content leads to the appearance of slag that tends to accumulate in the flue pipes, leading to corrosion
and clogging problems. Most combustion reactions are complete with biomass moisture contents
below 30%, with a maximum heat transfer at 10% moisture [35].
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3.2. Elemental Composition

Except for the fraction corresponding to moisture and ash, the biomass is mainly made up of carbon
(C), hydrogen (H), nitrogen (N), oxygen (O), sulfur (S), and chlorine (Cl) compounds. The elemental
composition provides the relative amounts of these chemical elements.

For the calculation of the carbon, hydrogen, and nitrogen content, a given mass of the sample is
burnt in an oxygen-containing atmosphere, resulting in ash and gaseous products of combustion (carbon
dioxide, water vapor, elemental nitrogen, sulfur oxides, and hydrogen halides) [36]. Using instrumental
techniques and the LECO Tru Spec CHN 620-100-400 analyzer, the mass fraction of carbon, hydrogen,
and nitrogen in the gas stream was quantitatively determined.

The ultimate analysis of the biomass is required to evaluate the performance of biofuel and also
allows for the estimation of its calorific value through the use of analytical expressions. It is also
indicative of its environment-related burden since nitrogen turns to N2 and NOx, the last of which is
one of the main greenhouse gases. The carbon content also helps to evaluate CO2 emissions.

3.3. Ash Content

Ash is the inorganic and non-combustible fraction of biomass formed due to the minerals it
contains, some of which are sodium, potassium, chlorine, and phosphorus. The ash is considered an
indicator of the efficiency of the biofuel because the more residue it leaves when burned, the greater
the problems of clogging and corrosion in the installation [37].

For its determination, a muffle oven (NABERTHERM LVT 15/11) was used, quantifying the residual
mass after the sample was burned under controlled conditions of weight, time, and temperature.

3.4. Chlorine and Sulfur Content

The chlorine and sulfur contents are other indicators of the quality of a biofuel. After combustion,
chlorine is transformed into chlorides, which cause corrosion problems in the installation. On the other
hand, sulfur is transformed into sulfur oxide, which is one of the main precursors of SOx emissions
into the atmosphere [38].

The standard EN 15289 was followed for its determination. A calorimetric pump (Tirator Mettler
Toledo G20) was utilized to determine the chlorine content in the combustion washing water using
silver nitrate. For the sulfur, a tubular furnace (LECO TruSpec S 630-100-700 Analyzer) was used for
the combustion of the sample at high temperature (1350 ◦C) and further gas quantification.

3.5. Higher Heating Value (HHV) and Lower Heating Value (LHV)

By breaking the bonds of organic compounds, by direct combustion of biomass, or by combustion
of products obtained from it through physical or chemical transformations, carbon dioxide and water,
among other substances, are obtained and energy is released in the process. The quality of a biofuel
depends on the amount of heat it can release in the energy conversion process; this amount of heat
relative to the unit of mass is the power or calorific value.

Depending on how the calorific value of the biomass is measured, the higher heating value (HHV)
and lower heating value (LHV) can be defined. The HHV is the total amount of heat released in
the combustion of 1 kg of biomass considering the energy needed to evaporate the water since it is
assumed that the water vapor will be completely condensed, while the LHV is the heat released during
the combustion of 1 kg of biofuel without considering the energy consumed to evaporate the water
since it is considered that water vapor does not condense and therefore this energy is not transformed
into useful heat power and is lost.

Whereas the HHV is determined by experimentation using a calorimetric pump according to the
UNE-EN 14918 standard, the LHV can be calculated from it by using the following expression [39–41]:

LHV
(

kJ
kg

)
= HHV

(
kJ
kg

)
− 212.2×H%− 0.8× (O% + N%). (1)
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3.6. Volatile Matter (VM)

The volatile matter content is determined by the loss of mass, less that due to moisture, when
the biofuel undergoes a process of heating due to high temperature without being in contact with
air. It can come from the organic or inorganic fraction of the biomass. Volatile matter conditions
the design of the installation. The higher the volatile content of the biomass, the better the ignition at
low temperatures will be since the reactivity is improved and the combustion process is enriched.

3.7. Fixed Carbon (FC)

Fixed carbon is the non-volatile part found in the crucible when the volatile materials have been
determined. The quantity of fixed carbon is not obtained from the weight of the waste but is obtained
using the equation:

FC = 100 – (%Ash + %VM).

The VM/FC ratio is known as the combustibility index. If the VM/FC ratio increases, the degree
of reactivity of the biomass also increases; therefore, the greater this quotient, the easier the ignition
and the lower time needed for complete combustion.

3.8. RETScreen Analysis

The analysis was carried out using the RETScreen software, which has been used to analyze
and assess several bioenergy projects. RETScreen is software developed by the Natural Resource of
Canada, which helped with the analysis of zapote seed as a source of energy [42]. The biomass heating
project analysis that RETScreen uses is presented in Figure 8.

Figure 8. Bioenergy process in RETScreen.

This process starts by specifying the biomass selected, which in this case was zapote seed.
The model calculates the building’s (or buildings’) heating requirements. The next phase considers
the heating load, where in this stage, all information about zapote seed is given. Finally, the energy
delivered and fuel consumption is calculated. This final stage uses the load and demand information
of the biomass heating system and/or the peak load heating system.

4. Results and Discussion

In this section, the results of the zapote seed’s physical, chemical, and energy parameter analyses
are presented and compared with the quality parameters of other standardized solid biofuels to
evaluate the use of this agro-industrial waste as a solid biofuel in thermal energy generation systems.
An energy, environmental, and economic balance of the thermal system is also presented.

4.1. Zapote Seed Values

In this section, we present the quality indicators of the zapote seed, for which 2000 g of a
sample of this waste from surrounding industries were collected and analyzed in the laboratory.

178



Sustainability 2020, 12, 4284

Table 3 shows the mean value, the standard deviation, the maximum value, and the minimum value,
which determined the parametric distribution.

Table 3. Chemical and energy indicators derived from zapote seed profiling (parameters calculated on
a dry basis, except for moisture).

Magnitude Unit Mean Value
Standard

Deviation (SD)
Maximum Value Minimum Value

Moisture % 56.83 — 56.83 56.83
Ash content % 2.42 0.070 2.49 2.35

HHV MJ/kg 18.342 0.022 18.364 18.320
LHV MJ/kg 17.021 0.012 17.033 17.009

Total carbon % 48.12 0.007 48.127 48.113
Total hydrogen % 6.05 0.012 6.062 6.038
Total nitrogen % 0.83 0.052 0.882 0.778

Total sulfur % 0.05 0.002 0.052 0.048
Total oxygen % 45.02 2.542 47.562 42.478
Total chlorine % 0.06 0.003 0.063 0.057
Volatile matter % 85.73 0.060 85.79 85.67
Fixed carbon % 11.85 0.060 11.91 11.79

HHV: Higher heating value, LHV: Lower heating value.

As shown in Table 3, the main problem with zapote seed for use as a biofuel is its high moisture
content of over 50%. Due to this, instability in the thermochemical process is produced that diminishes
the efficiency of the combustion since it is necessary to evaporate the water first such that the heat is
available; as a result, the net calorific value of the biomass is reduced and causes problems of jamming
and corrosion in the thermal installation due to the emission of tars. Furthermore, environmental
pollution increases as a result of inefficient conversion processes in which carbon monoxide and volatile
organic compounds are generated.

The endothermic limit of biomass is 65% humidity; above this value, not enough energy is
released to satisfy the evaporation requirement and produce heat. Above a 50% moisture content,
some combustion systems will require a support fuel, such as natural gas or LPG. Therefore, in most
heat transfer processes, humidities below 30% are required, with an optimum performance occurring
at 10% humidity.

In our case study, a drying system needed to be implemented to reduce the humidity of the seed
to around 10% before it was used for direct combustion in a boiler. The drying of the biomass can be
done naturally in piles or forced with industrial drying systems.

On the other hand, the use of biomass via thermochemical conversion generates a solid residue or
ash that comes from the mineral matter of the original plants, as well as from that which may have
been added during the collection process. As it is an inert fraction, the energy available in any fuel is
reduced in proportion to its ash content.

Therefore, ash is the inorganic fraction of biomass that is mainly composed of metallic oxides,
such as calcium oxide (CaO), sodium oxide (Na2O), potassium oxide (K2O), phosphorus oxide (P2O5),
aluminum oxide (Al2O3), iron oxide (Fe2O3), silicon oxide (SiO2), and magnesium oxide (MgO),
with the oxides being either in the form of salts or organically associated compounds.

Calcium oxide (CaO) and silica (SiO2) affect the abrasion of the plant components due to
the dragging of the ashes toward the gas outlet. Alkaline metals (K and Na) react with phosphorus
and silica, which can cause slag deposits that prevent the correct transfer of heat, even generating
problems in the correct operation of the installation. Furthermore, alkaline and alkaline-earth metals
influence the melting temperature of the ashes, and consequently, the greater or lesser adhesion of
the deposits that are formed. Potassium and sodium also react with chlorine in the gas phase (HCl) to
form corresponding chlorides that can be deposited on the pipe surfaces and cause corrosion.
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In the case of the zapote seed, its ash content varies between 2.49% and 2.35%, which indicates
that despite being a moderate value, it is below other standardized solid fuels, such as almond shell
pellets (3.35%) or oak wood pellets (3.32%) [43].

The deviation in the results depends on multiple parameters. In addition to the number of
repetitions and samples analyzed, it also depends on the part of the plant analyzed. For example,
waste fractions, as in the case study, usually have a higher ash content (due to impurities that may
be introduced during collection and transport). On the other hand, the reproducibility of the results
depends significantly on the type of plant, the growth conditions, the use of fertilizers, and the type of
soil, which is related to the level of soluble inorganic elements (e.g., sandy soils give rise to less ash
compared to clay soils). It can be seen that C3 plants, such as zapote, tend to have a higher water
intake compared to C4 plants, and therefore have a higher ash content.

Table 4 contrasts the physicochemical indicators of the quality of various commercial biofuels
and industrial wastes versus those of zapote seed to assess the applicability of this by-product in boilers.

Table 4. Comparison between zapote seed and other biofuels.

Parameters Unit Mango Stone [26] Olive Stone [29,35,44] Pine Pellets [43,44] Almond Shell [44–46] Zapote Seed

Moisture % 59.70 18.45 7.29 7.63 56.83
HHV MJ/kg 18.049 17.884 20.030 18.200 18.342
LHV MJ/kg 17.271 16.504 18.470 17.920 17.021
Ash

content % 2.14 0.77 0.33 0.55 2.42

Total
carbon % 48.263 46.55 47.70 49.27 48.12

Total
hydrogen % 3.481 6.33 6.12 6.06 6.05

Total
nitrogen % 1.041 1.810 1.274 0.120 0.830

Total
sulphur % 0.086 0.110 0.004 0.050 0.050

Total
oxygen % 49.022 45.20 52.30 44.49 45.02

Total
chlorine % 0.070 0.060 0.010 0.200 0.060

Volatile
matter % 83.77 78.3 83.5 82.0 85.73

VM/FC
ratio % 5.63 3.84 5.49 5.19 7.23

HHV biomass
HHV zapote seed

% 98.40 97.50 109.20 99.23 100.0

FC: Fixed carbon, VM: Volatile matter.

As reflected in the comparison, zapote seed had a higher ash content than other standardized
fuels, which would suggest that the problems associated with corrosion and maintenance costs of
the installation could be greater.

When analyzing the calorific value of the zapote seed, we found that it was in the range of
18.320–18.364 MJ/kg, which was higher than the energy value of other standardized fuels, such as
olive stone (17.884 MJ/kg) or almond shell (18.200 MJ/kg), which shows the energy potential of this
residual biomass. The last row of the table shows the variation of HHV as a percentage, varying from
−2.5% to +9.2%.

Other parameters that indicate the quality of biofuel are its chlorine and sulfur contents. Sulfur has
a corrosive effect on the installation and causes the emission of SOx gases that contribute to global
warming and cause acid rain. The sulfur content of the zapote seed (0.05%) was very low, similar
to the sulfur content of almond shell and lower than that of olive stone (0.110%), which shows that
corrosion problems and SOx emissions would be lessened by the use of this biofuel.

The chlorine content has a decisive influence on the corrosion of the plant since the reaction
with potassium and sodium produces chlorides that have a dissociative catalytic action in the system.
The chlorine content of the zapote seed (0.06%) was very low, similar to that of other agro-industrial
wastes, such as olive stone (0.06%) or mango stone (0.07%), but lower than that of almond shells (0.2%),
which shows that corrosion problems in thermal installations could be lessened by using this biofuel.
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Another important quality parameter of biofuel is its volatile matter content. As can be seen,
zapote seed had a higher volatile matter content than other solid biofuels. This high volatility and low
fixed carbon content suggest that it produces less corrosion and boiler fouling. On the other hand,
the combustibility index or VM/FC ratio was significantly higher than that of other solid fuels. This fact
was due to greater reactivity of the fuel and facilitated ignition, even at low temperatures, reducing
the residence state until the complete combustion.

It is necessary to take into account that not only is the zapote seed interesting because of its energy
potential but also for its carbon neutrality. This is because it is assumed that the plant is capable of
retaining more carbon during its life cycle than it releases during combustion, making the carbon
cycle neutral.

Zapote waste can be collected from industries processing this fruit in the surrounding area in
such a way that it both contributes to the sustainable environmental treatment of this waste and a
significant fall in CO2 emissions.

4.2. Energy and Environmental Assessment

Biomass is considered to be theoretically CO2 neutral because its combustion does not contribute to
the increase of the greenhouse effect. This is because the carbon that is released during the combustion
of biomass is the same that was continuously absorbed and released by the plants for their growth
(Figure 9). The CO2 emissions generated from biomass energy do not alter the balance of atmospheric
carbon concentration since it comes from carbon removed from the atmosphere in the same biological
cycle, and therefore do not increase the greenhouse effect. Its use contributes to reducing CO2 emissions
into the atmosphere whenever it replaces fossil fuel.

Figure 9. CO2-saving scheme using zapote seed as biofuel.

Once the energy parameters of the zapote seed had been calculated, the next phase of this study
was to calculate the savings in CO2 emissions in the heavy chemistry laboratory of the Faculty of
Engineering of the University of Veracruz, derived from the use of this seed as biofuel. Furthermore,
the savings in CO2 emissions that would be produced in the states of Mexico that produce zapote
were calculated.
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The first step was to calculate the energy (MWh) that could be obtained from the zapote seeds,
considering the residues that would be obtained from all the zapote production in the main producing
states of Mexico. This was done using Equation (2) and the results are given in Figure 10:

Ep = RH× Pzapote ×HHV× fs × Fc, (2)

where:

Ep: energy obtained from the zapote seed (MWh);
RH: considering 10% humidity in zapote seed;
Pzapote: zapote production (kg);
HHV: higher heating value (18.342 MJ/kg);
fs: % of seed in a whole zapote (15%);
Fc: unit conversion factor (0.000277778 Wh/J).

Figure 10. Bioenergy potential in the main producer states of Mexico using zapote seed as biofuel (MWh).

Once the energy that would be obtained by using zapote seed as a biofuel was calculated,
the savings in CO2 emissions that this would represent compared to the use of LPG were calculated.
As discussed in a previous section, biomass is a clean, environmentally friendly source of energy since
it produces zero CO2 emissions. The mass (kg/year) of CO2 emitted by the combustion of liquefied
petroleum gas (LPG) was calculated using:

MCO2 LPG = CLPG × FLPG, (3)

where:

MCO2 LPG : kg/year of CO2 emitted by the combustion of liquefied petroleum gas (LPG).
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CLPG: consumption of liquefied petroleum gas (LPG) per year (kWh/year).
FLPG : CO2 emission factor of liquefied petroleum gas (LPG) (kg/kWh).

Table 5 shows the CO2 emission factor for biomass and LPG and the total CO2 emissions reduced
annually using zapote seed as biofuel.

Table 5. CO2 emission (kg/kWh) of LPG and zapote seed [47].

Boiler CO2 Emissions (kg/kWh)

Liquefied petroleum gas (LPG) 0.254
Zapote seed 0

Total savings of CO2 emissions in
the heavy chemistry laboratory (kg/year) 60,960.00

The use of a biomass boiler in the heavy chemistry laboratory of the Faculty of Engineering of
the University of Veracruz in Mexico would save 60,960.00 kg/year of CO2 emissions.

Figure 11 shows the CO2 savings in the main producer states of Mexico using zapote seed as
biofuel (t).

Figure 11. CO2 Savings in the main producer states of Mexico using zapote seed as biofuel (t).

4.3. Economical Profit

The economic viability assessment of the project to replace the former gas boiler with a biomass
boiler fed by zapote seed was made by taking into consideration the following data:

• The number of annual operating hours of the installation.
• Calculation of the LPG (L) and biomass (kg) required to satisfy the energy demand.
• Lower heating value (LHV) of both the zapote seed and LPG.
• Current market prices of both types of fuel (biomass and LPG).
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The thermal demand of the installation was calculated by taking into account the fact that
the 200 kW LPG boiler works four hours a day for an average of 300 days a year. Under this scenario,
the annual consumption of the installation is 240,000 kW/h.

The market for biomass boilers for heat generation at both residential and industrial levels
is booming due to the rising cost of fossil fuels, which are also severely taxed in most countries.
To determine the economic savings that would be achieved with the new biomass heating plant
compared to the old LPG boiler, it was first necessary to calculate the amount of fuel required in both
cases to meet the annual thermal demand. From the values of the calorific value of LPG and its density,
it was calculated that 37,696.73 L of LPG are needed annually to meet the energy demand. Considering
the current market price of LPG ($0.39/L) [48], a total annual cost of $14,701.72 was calculated for
the LPG installation. Table 6 shows the economic analysis of the LPG installation and the zapote
seed boiler.

Table 6. Economic analysis of the LPG installation and the zapote seed boiler.

Parameter Unit LPG Boiler Biomass Boiler

Fuel Liquefied petroleum gas (LPG) Zapote seed
LHV kWh/kg 13.10 4.73
Price $/L 0.39
Price $/kg 0.108

Boiler efficiency % 90 80
Nominal power kW 200 200
Operating hours h 1200 1200

Thermal energy demand kWh/year 240,000 240,000
LPG consumption L 37,696.73

Biomass consumption kg 63,424.95
Annual cost $ 14,701.72 6,881.93

Annual saving $ 7,819.79
Annual saving % 53.19

Total investment $ 67,530.48

Once the calorific value of the biomass (LHV) had been determined and knowing the annual
thermal demand of the installation (kWh), the amount of biomass necessary to satisfy it could be
obtained from the following expression:

Biomass consumption =
Annual thermal demand

LHV×Boiler efficiency
. (4)

From this expression, it was calculated that 63,424.95 kg of zapote seed will be consumed,
and considering that the price per kilo of this residual biomass, once treated and transported to
the point of consumption, is $0.108/kg, an annual saving of $7,819.79 will be made, which represents a
53.19% saving compared to the old LPG installation.

Some financial parameters were calculated, such as the internal rate of return (IRR), payback,
and benefit/cost ratio (B/C).

The IRR represents the ideal interest yield provided by the project, considering all costs and benefits.
The IRR can be calculated when all the cash flow is at time 0 and the costs are equal to the incomes.

Payback is the time that the investment takes to recoup its initial investment; this analysis considers
the cash flows from its inception, as well as the leverage of the project.

B/C is the ratio of the net benefits to the costs of the project. Net benefits represent the present value
of the annual revenue and savings minus the annual costs, while the cost is defined as the project equity.

Table 7 presents the financial results and its feasibility.
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Table 7. Financial analysis.

Parameter Unit Biomass Boiler

IRR % 7%
Payback years 9.8

B/C 1.13

B/C: Benefit/cost ratio, IRR: Internal rate of return.

As seen in Table 7, the financial analysis describes the viability of the project, where the IRR is
predicted to be 7%, which is a competitive market rate; the payback period is predicted to be 9.8 years
to recover its investment, and the B/C is predicted to be 1.13, which means that the benefits are 13%
higher than the costs.

A sensitivity or what-if analysis was also done and is presented in Table 8.

Table 8. Sensitivity analysis of zapote seed. The bold amounts indicate the range of profitability of
the project.

Quantity of Biomass (kg)

Zapote Seed Price ($)

47,568.71 55,496.83 63,424.95 71,353.07 79,281.19

0.081 $ 3,853.07 $ 4,495.24 $ 5,137.42 $ 5,779.60 $ 6,421.78
0.095 $ 4,495.24 $ 5,244.45 $ 5,993.66 $ 6,742.86 $ 7,492.07
0.108 $ 5,137.42 $ 5,993.66 $ 6,849.89 $ 7,706.13 $ 8,562.37
0.122 $ 5,779.60 $ 6,742.86 $ 7,706.13 $ 8,669.40 $ 9,632.66
0.135 $ 6,421.78 $ 7,492.07 $ 8,562.37 $ 9,632.66 $ 10,702.96

In Table 8, it can be seen that $6,849.89 is the base of the project, that is, the feasibility of the project
requires 63,424.95 kg of zapote seed at 0.108 USD per kilogram; if the price and quantity increase in
different scenarios, then the project can be rejected. The bold amounts indicate the range of profitability
of the project.

4.4. Energy Policy

The implications of the Mexican Law of Promotion and Development of Bioenergetics (LPDB)
that can be taken into account in this paper are the promotion and development of bioenergetics to
contribute to the energy diversification and sustainable development as conditions that guarantee
support for the Mexican countryside. This law has three main objectives [49]:

1. Promote the production of inputs for bioenergetics from agricultural, forestry, algae,
biotechnological, and enzymatic processes in the Mexican countryside without jeopardizing
the country’s food security and sovereignty.

2. Develop the production, commercialization, and efficient use of bioenergetics to contribute to
the reactivation of the rural sector, the generation of employment, and a better quality of life for
the population, particularly those with high and very high marginality.

3. To seek the reduction of polluting emissions and greenhouse gases into the atmosphere in
accordance with international instruments contained in the Treaties to which Mexico is a party.

According to the Secretary of Agriculture and Rural Development, Ministry of Agriculture
and Rural Development (SAGARPA), Mexico is the leader in the production of zapote mamey,
with only five states in Mexico producing it [30]. The benefits shown in this study can be proposed to
SAGARPA and use the LPDB to increase the market opportunity for small producers and increase
the production overall. This necessitates an adequate credit policy for this sector, which includes
low interest rates, especially during the first few years, as well as flexibility in the terms and forms
of payment.
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Considering the results of this study, beginning with a sustainable proposal to universities along
with the five producer states of zapote mamey regarding their boiler equipment, this experience can be
shared with other institutions with similar conditions.

5. Conclusions

Biomass projects are an interesting alternative to fossil fuels where resources are widely available.
Due to its carbon-neutral condition and low price, biomass boilers are having an increasing presence in
international markets. According to the Law for the Use of Renewable Energies and the Financing of
Energy Transition, Mexico’s goal for 2024 is to generate 35% of its energy from non-fossil sources.

Zapote mamey is one of the most widely grown fruits in Mexico, with an annual production of
17,515 t. Zapote industry waste could be used to generate power and reduce CO2 emissions; while
the CO2 emissions of LPG are 0.254 kg/kWh, the zapote seed emissions will be theoretically 0. Replacing
a 200 kW LPG boiler with a biomass boiler fed with dry zapote seeds in the heavy chemistry laboratory
of the Faculty of Engineering of the University of Veracruz in Mexico would mean a reduction in CO2

emissions of 60,960.00 kg/year.
The use of zapote seed as a biofuel has important advantages in the fight against climate change:

• It reduces the emissions of CO2, NOx, and HCl and emissions of sulfur and particles.
• Reduces boiler maintenance and the danger of toxic fuel gas leaks.
• Jobs are generated in the agro-food industry to produce food, waste is used to generate thermal

energy, and the planting of these crops aids the fight against erosion and soil degradation.

Comparing the annual costs of these two sources of energy, the amount saved was predicted to
be $US7,819.79, which means an annual saving of 53.19%. The total investment of the project was
estimated to be $US67,530.48. According to financial results, the project was predicted to be attractive,
with its financial variables showing a predicted IRR of 7%, a payback period of 9.8 years, and a B/C
ratio of 1.13.

A sensitivity or what-if analysis was carried out because the price and quantity of zapote seed
are sensitive to changes. In this case, the project can be accepted if the maximum quantity required
increases to 79,281.19 kg but the price decreases 25% (to 0.081 USD), or the maximum price increases
25% to 0.135 USD and the quantity decreases 25% (to 47,568.71 kg).

Regarding policy implications, this study shows that there is a market opportunity for small
producers and overall increases in production, which necessitates an adequate credit policy for this
sector, including low interest rates, especially during the first few years, as well as flexibility in the terms
and forms of payment.

These results pave the way toward the utilization of zapote seed as a solid biofuel, contribute to
achieving Mexico’s energy goal for 2024, and promote sustainability in universities.

One of the main limitations of this study was the humidity of the zapote seeds. In future work,
the possibility of designing dryers for these seeds, built in an environmentally sustainable way,
will be studied.
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Abstract: Higher education institutions (HEIs) have a huge potential to save energy as they are
significantly more energy-intensive in comparison with commercial offices and manufacturing
premises. This paper provides an overview of the chief actions of sustainability and energy efficiency
addressed by the University of Alcalá (Madrid, Spain). The policies implemented have shifted
the University of Alcalá (UAH) to become the top-ranking university in Spain and one of the
leading universities internationally on environmentally sustainable practices. The paper highlights
two key elements. First, the actions adopted by the managerial teams, and second, the potential
of public–private collaboration when considering different stakeholders. A descriptive study is
developed through document analysis. The results show that energy consumption per user and
energy consumption per area first fall and are then maintained, thereby contributing to meeting the
objectives of the Spanish Government’s Action Plan for Energy Saving and Efficiency (2011–2020).
Because of the research approach, the results cannot be generalized. However, the paper fulfils
an identified need to study the impact of HEIs and their stakeholders on sustainable development
through initiatives in saving energy on their campuses and highlights the role of HEIs as test
laboratories for the introduction of innovations in this field (monitoring, sensing, and reporting,
among others).

Keywords: energy consumption; higher education institution; energy efficiency indicators; green
campus; social responsibility; Spain

1. Introduction

Currently, higher education institutions (HEIs) worldwide have incorporated sustainability
development strategies into their study programs, research, operations, dissemination, assessment,
and reporting. Undoubtedly, the international implementation scheme of the United Nations (UN)
a Decade of Education for Sustainable Development (2015–2014) has boosted the integration of the
principles of sustainable development (SD) in all aspects of HEIs [1]. The institutionalization and
incorporation of these strategies has been progressive and has had to overcome the initial resistance
of the main stakeholders [2,3]. HEIs are significantly much more energy-intensive in comparison
with commercial offices and manufacturing premises, so improving their energy efficiency becomes a
fast and cost-effective method of achieving targets in the reduction of gas emissions and can foster
their economic growth. The main advantages of these strategies are cost reductions, environmental
protection, better public health, and economic sustainability [4,5].

The energy efficiency and carbon reduction initiatives of HEIs are conditioned by both national
programs and the main trends in HEIs (increases of students, associated complexity of research and
teaching activities, and the intensive use of equipment, resulting in an increase of energy demand and
consumption on campus) [6].
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The main influences on the policies and initiatives of HEIs concerning energy efficiency and
carbon reductions come from both external and internal sources. The former includes European Union
(EU) directives, such as the EU Emissions Trading Scheme (EU ETS), the Environmental Performance
of Buildings Directive (EPBD) (2010/31/EU) on energy efficiency in buildings, and the 2012/27/EU
energy efficiency directive. The national regulatory framework in the case of Spain includes the Action
Plan For Energy Saving and Efficiency 2011–2020, the application of a Technical Building Code (RD
314/2006), the Basic Procedure for Energy Performance Certification of New Buildings (RD 47/2007),
the Regulations on Heating Installations in Buildings (RD 1027/2007), and the Building Certification
Regulations (RD 235/2013) which replaced the RD 47/2007 [7].

The latter sources include increased energy costs, initiatives in the arena of corporate social
responsibility, attention to legal obligations, maintenance of economic competitiveness, concerns for
the environment, the capacity to access financing sources, and the interest for corporate image [6].
Both kinds of factors determine the presence of an “energy efficiency gap” in the organizations,
referring to a potential improvement of energy efficiency or, in other terms, the difference between a
cost-minimizing level of energy efficiency and the level of energy efficiency actually implemented.
This gap is also conditioned by economic factors and, especially, by organizational and institutional
factors. The main organizational barriers for implementation of energy efficiency interventions in HEIs
include access to financing sources, bounded rationality, hidden costs, imperfect information, risk and
uncertainty, and non-aligned incentives [4].

Furthermore, the insights and perceptions of staff and students are crucial to the success of
energy efficiency interventions. Generating a greater responsibility of the occupants towards energy
conservation requires three main aspects to be taken care of: transmitting a clear conservation message,
improving their participation in energy reduction schemes, and providing correct information about
the use of energy [8].

The University of Alcalá (UAH), considered to be one of Europe’s oldest universities, is aware
of the environmental impact of its activities and, especially, of its energy consumption. The UAH is
committed to sustainable development and is actively involved in finding solutions to environmental
problems. It promotes the efficient use of energy through programs of energy conservation, boosting use
of renewable energy and encouraging actions to raise awareness and involvement among the entire
academic community. In the last few years, the UAH has been involved in several energy-saving
measures to minimize its impact, which is of special relevance as stated in its 2003 Environmental
Policy Statement.

In the last few years, a group of different external studies and audits have been carried out by
experts to grasp more fully the University’s energy needs and to set ambitious goals for cutting down
consumption and replacing current energy sources with those that are cleaner and more sustainable.
These policies have allowed the UAH to become, according to the Green Metrics World University
Ranking, which assesses the sustainability policies of universities worldwide, the top ranking university
in Spain and one of the leading universities internationally for environmentally sustainable practices.

However, in recent years, it seems that, despite good results, progress has stagnated.
The stabilization in the number of students and the implementation of inefficient 24 × 7 services in
heritage buildings have led people to demand new measures and investments in the future. A strong
management commitment is needed to find the most innovative solutions in the field of energy
efficiency. Innovative public procurement would seem to be an option that could be re-explored in an
area where the most innovative solutions are in the private sector.

This paper provides an overview of the UAH’s chief actions in sustainability matters and energy
efficiency to date and introduces the main future action lines.

Two research questions were proposed to analyze the potential of implementing energy saving
initiatives in HEIs, taking into account the perspective of different actors:

RQ1: What kind of actions can be implemented on university campuses in order to achieve
effective energy saving along with a substantial improvement of the perceptions and the impacts of the
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different university community actors? What is the role of public–private partnerships in the context
of financial or budgetary constraints?

RQ2: Which are the main indicators of energy saving that could be considered in an impact
evaluation of HEIs on sustainable development?

Nowadays the relevance of the energy efficiency is undoubtable. The importance of the energy
efficiency in HEIs is key to optimize the resources for the benefit of their academic community as well
as the environment. The relevance of HEIs is threefold. First, it raises awareness about the importance
of energy efficiency activities and the implementation of energy saving measures. Secondly, HEIs are
places of high electricity and gas consumption due to their multiple installations, for many hours a day,
many days a year, and with a large number of people. Thirdly, HEIs could be good laboratories for
the introduction of industry innovations. They have an adequate dimension with activities similar
to a small city; having all the elements of an urban concentration (roads, street lighting, service and
transport vehicles, energy-intensive facilities, etc.) and its inhabitants (students, teachers and staff) are,
a priori, more favorable to innovation and monitoring can be more effective.

This paper has a novelty that focuses on a key sector, HEIs, and contributes to the comprehension
on how universities may implement effective measures of energy efficiency involving their main
stakeholders, by analyzing the UAH’s energy efficiency program results and its national and
international recognized good practices, referent in energy saving in HEIs campuses.

Section 2 offers a review of the specialized literature in energy efficiency and carbon reduction
programs, especially in the context of HEIs, in addition to the key HEI trends that influence the patterns
of energy consumption and saving. The data and the methodology used as well as the case description
are presented in Section 3. Section 4 analyzes the results obtained regarding UAH’s interventions in
respect of energy efficiency and presents an approximation of UAH’s contribution to climate change.
The discussion of the UAH’s future challenges to improve energy efficiency is presented in Section 5.
Finally, Section 6 presents the concluding remarks.

2. Background and Literature Review

2.1. Current Situation of Energy Efficiency and Carbon Reduction in Spain

The term energy efficiency is much used in public policy and refers to a set of “policies that seek to
reach a balance in sustainable development, competitiveness, and secure supply, mainly by promoting
energy efficiency and the use of renewable energies and other directives and documents directed at the
energy sector” [7].

Over the years, the European Commission has implemented a set of directives and regulations to
strengthen the EU energy policy. What have become known as 20/20/20 targets are part of the current
EU strategic energy policy goals, which include increasing energy efficiency to achieve 20% savings in
EU energy consumption by 2020.

Quantitative indicators are used often to assess the progress toward energy efficiency targets.
The energy intensity ratio (consumption of energy related to its gross domestic product) shows the
extent to which energy consumption has become more sustainable, illustrating the reduction in energy
used to generate one unit of activity in the case of GDP remaining constant. Other indexes are also
used to provide a more realistic evaluation of improvements in energy efficiency [9].

The different EU Member States have made different levels of progress toward these goals. Overall,
the trend is positive, but their efforts are not enough to achieve the EU goal of 20% energy saving.
The Spanish progress in energy efficiency issues, and particularly in the building sector, is slower than
in other EU Member States and has been intensified by the economic crisis, the demotivation of its
citizens, the decentralization of power in energy matters, and the huge stock of houses for sale. In the
household sector, Spain achieved an energy efficiency gain of 12.6% in 2000–2010, which is below the
EU-27 average of 15.3%; moreover, evidence has shown that Spanish housing markets capitalize the
value of energy efficiency [7,10].
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The last report of Regulatory Indicators for Sustainable Energy (RISE 2018) published [11],
indicates that Spain is located in the 22nd position in the energy efficiency ranking, well behind some
countries of similar socioeconomic level. This reveals that, in practice, public policies relating to the
efficient consumption of energy are not yet a priority in Spain’s energy policies.

2.2. The Role of HEIs for Sustainable Development and Key Trends in the HEIs’ Sector

Universities can be regarded as “small cities”, and their activities can have great impacts in terms
of environmental pollution and degradation. Universities also have special societal responsibility with
regard to knowledge, skills, values, and social awareness of sustainability [12,13].

The contributions of HEIs to the Sustainable Development Goals (SDG) stem from their five
functions as educators—providing knowledge; trainers—providing professional training to manage
the needs of government and other stakeholders; researchers—producing data and analysis for
policymakers; facilitators—contributing to regional development and international cooperation;
and enablers—improving social and intellectual development and the well-being of society. Specifically,
in the area of sustainability, HEIs have an impact in preparing individuals to meet the needs of modern
economies across global, national, regional, and local levels; i.e., creating a competitive, adaptable,
sustainable, and knowledge-based economy—particularly a green economy—with benefits in terms of
social equity and well-being, while reducing their environmental impacts [14].

The initiatives to implement Sustainable Campuses or Green Campuses have grown in the last
ten years across the world. However, there are different definitions of what a sustainable university
campus is. Therefore, interpretations and strategies to achieve a sustainable campus vary from one
university to other.

Next are presented some definitions about what a sustainable or a green campus is.
“A green campus is one which addresses environmental challenges in all its fields of activity:

administration, research and education. Higher education institutions are in an outstanding position to
act as incubators, role models and multipliers for sustainable development among researchers, people
in leadership positions, and in wider society” [15].

“ . . . a healthy campus environment, with a prosperous economy through energy and resource
conservation, waste reduction, and efficient environmental management, promotes equity and social
justice in its affairs and exports these values at community, national, and global levels” [12].

Considering this framework, for some universities, a sustainable campus is defined by either
an environmental plan or an environmental statement. Others consider the signing of a national or
international declaration aimed to tackle the sustainability challenge, and others conduct their own
approaches, including green building initiatives, ISO 14001, and Environmental Management Systems
(EMSs) [12,15]. In the latter, the universities that have the practice of diffusion of sustainability reports
have improved their visibility, mobilizing resources to improve their endowments and raising funds
for future sustainability activities. Therefore, the sustainability reporting could become a tool with
huge potential to increase the engagement of the main stakeholders [16,17].

In any case, the evidence indicates that a three-pronged strategy that include university
EMSs; public participation and social responsibility with the real implication of key stakeholders,
and promoting sustainability in teaching and research, could be the framework to foster a more suitable
approach to achieving campus sustainability in a systematic and integrated way [12,18].

It is evident that the HEIs’ sustainability practices have been increasing, and they are prominent
especially in Europe, the US, and Canada in addition to Australia, Asia, South America, and Africa.
Some guides and good practices in HEIs are analyzed in literature and by international organizations as
The Organisation for Economic Co-operation and Development (OECD) and International Alliance of
Research Universities (IARU) [13,19,20]. Furthermore, well know are the energy efficiency interventions
in HEIs as Coimbra, Portugal [21,22], the United Kingdom [6,8], the United Kingdom and South
Africa [23], Canada [24], and Universiti Teknologi Malaysia [25].
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Although the role of HEIs in environmental, economic, and social sustainability is key, the level of
engagement is different; there is a strong focus on activities related to environmental sustainability,
whereas there is a weaker focus on social and economic sustainability [13]. In the environmental
sustainability area, the implementation of EMSs is more frequent, and they comprise either whole
campuses or part of them and those that include either all environmental issues or just some key
issues, such as either water or energy. Some HEIs have connected their financial systems with financial
incentives to boost sustainability behaviors; and the improvements in the teaching and research
activities related to sustainability development are relevant.

In terms of economic sustainability, in the less-developed area, there are practices related to
connecting the financial system with new purchasing procedures and developing financial incentives
to promote sustainability behaviors. These include new forms of contracts with providers, premiums
to staff who participate in the sustainability projects, contribution in innovation through building and
infrastructure planning, and increasing research capacity to address the organizational challenges
related to sustainability matters.

Regarding social sustainability, there are different level of social responsibility of HEIs related to
staff and student well-being and the relationship with local communities; practices related to prevention
and mental healthcare, volunteer activities, outreach programs, and approaches of Corporate Social
Responsibility into HEIs with the participation of key stakeholders, including the local governments
and interaction with small and medium size business enterprises (SMEs).

In the Spanish case, the engagement of universities in sustainability issues has received a decisive
stimulus since 2002, when the Spanish University Rector’s Committee (CRUE) approved the creation
of a working group of Environmental Quality and Sustainable Development in a group of thirty
universities (Sustainability-CRUE). In turn, in 2009, this group created a special commission focused on
environmental quality, sustainable development, and risk prevention (CADEP-CRUE). Since then this
commission has developed seminars to exchange experiences, encourage good practices, and develop
joint projects [26,27]. Since January 2014, the Sustainability-CRUE Chair has been Professor Galván,
Rector of the UAH. Furthermore, the creation of an Inter-university network of teaching and research
in education for sustainability by the CADEP-CRUE represents an important point of reference about
materials and teaching experiences in the field of sustainability in university teaching [28].

In the 8th Seminar of the CADEP-CRUE (2009) about [27], the Spanish universities recognized that
HEIs have huge potential to saving energy “buildings are not the ones that waste energy, but people in
their daily use”. The availability of accurate statistical data on energy consumption of centers and
buildings, would allow for developing reliable indicators before initiating any intervention, measuring
the starting situation and after the intervention. It is also appropriate that each university has an energy
manager to secure the commitment from institutional managers, to get better energy certifications for
its buildings, and to both develop and manage their energy efficiency plans. Besides, projects must
include a post-construction energy maintenance and management plan. The university contracting
and bidding process must include all the guarantees necessary to make buildings sustainable. Finally,
a close relationship between universities and companies is fundamental for sustainable energy and
also serves as a test bed for new technologies and methodologies.

Overall, studies show that Spanish universities’ practices about sustainability and energy efficiency
in different areas, such as in the fields of strategic planning, practices, curricula, and reporting,
show a low rate of progress, which seems like clear indication of there being several obstacles to
overcome [29,30]. In fact, there are few analyses of the extent to which Spanish universities have
implemented the sustainability approach in their functions. Highlights include the case of Universitat
Politecnica de Catalunya, which has carried out actions to reduce energy and raw material use and
drive waste out of the system [13] and the University of Santiago de Compostela’s ecological footprint
since 2005 [26]. The incorporation of sustainability in curriculum in the University of Valencia [31] is
also worth mentioning.
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3. Methodology

Documental data. To understand the Energy Efficiency Program carried out at UAH in Madrid,
Spain and its main results, Section 4 presents the UAH’s Environmental Quality Program and its main
strategic lines, in addition to the energy saving and conservation initiatives developed since 2006.

Quantitative analysis. The analyses of the buildings’ energy consumption performance indicators
are presented in order to offer a characterization of the results obtained in terms of energy savings. These
indicators are the energy consumption in terms of electricity (Kwh) and natural gas consumption (Kwh).

In addition, a set of Energy Efficiency Indexes (EEI) were estimated to explore the evolution of
electricity and natural gas consumption per user (Kwh/user) and per area (Kwh/m2) according to
Equations (1) and (2). The data used referred to period between 2003 and 2017.

EEI =
Total energy used (Kwh)

Total users
(1)

EEI =
Total energy used (Kwh)

Gross f loor area (m2)
(2)

Additionally, the UAH’s contribution to climate change, from estimation of its CO2 emissions,
is discussed. The available data include the estimations until to 2014 and currently the University is
working to update the results until 2018.

Last, the evolution of the international position of UAH in Green Metrics World University [32]
and Coolmyplanet Rankings [33] on environmentally sustainable practices, is analyzed.

Because the methodology approach is descriptive, the results may lack generalizability. However,
the UAH’s case analyzed has potential, being referent of HEIs policies of energy savings at national
and international level.

Case description. In addition to teaching, advancing knowledge, and so forth, the UAH social
commitment entails becoming a benchmark for the reaching of a sustainability model, not only
in the Spanish university but also across all social, technological, and economic sectors. Its many
functions include fostering habits of environmental respect and decreasing the environmental impact
of human activities.

With this goal in mind, in 2003, the UAH issued its “Environmental Policy Statement” (UAH-EPS)
with a view to making environmental issues part of its planning, execution, and assessment strategies.
This environmental policy comprises several strategic lines:

• To prevent, reduce, and eliminate negative environmental impacts that may result from the
university’s activities.

• To rationalize consumption and promote increasing efficiency in the use of material and
energy resources.

• To promote waste prevention and appraisal (recycling, recovery, and re-use).
• To inform, train, and make the university community aware by promoting active participation in

environmental management and in enhancing the quality of the university environment.
• To monitor continuously the environmental repercussions of university activity and assess

achievement of the established aims and goals.
• To maintain channels of dialog and cooperation with public and private bodies engaged in

environmental issues.
• To tailor the environmental policy to the new requirements proposed by university associations at

home and abroad, always with a view to continuous improvement.
• To promote in the territory of influence a policy of Environmental Excellence in Development

by acting as a catalyst and assessor of such a policy in collaboration with other public and
private bodies.
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Because of this institutional commitment, the UAH has implemented an “Environmental Quality
Program” (UAH-EQP) with the aim of identifying and controlling factors affecting the environment
so as to affect continuous improvement in the University’s environmental management. Under this
program, several actions have been taken in various fields. These include energy saving and efficiency,
economizing on water, waste management, sustainable mobility, and environmental enhancement.

The UAH-EQP also aims to promote the economic and human development of territory that
is compatible with an optimum environmental quality. This social commitment is reflected in the
different actions designed to make clear the environmental engagement of the organization, being
aware of the environmental impact generated by its activity and, especially, its energy consumption,
which is why it has been working for years to improve this aspect and reduce energy consumption.

The energy and thermal consumption of the university are distributed in an equitable way.
The electric consumption is mainly due to illumination both inside and outside the buildings (in the
External Scientific-Technological Campus in Figure 1 in addition to buildings and facilities also serves
the outdoor lighting); office equipment and investigation; air conditioning, especially refrigeration
(not available in classrooms); sanitary hot water (ACS); and other energy consuming equipment,
such as kitchen appliances and cafeteria. Most of the thermal resources (natural gas) are used for
heating systems. The UAH’s has three campuses (the historical campus, the scientific-technological
external campus and the Guadalajara’s campus). The major energy efficiency interventions have been
addressed in the UAH’s Scientific–Technological External Campus. In this campus, the University can
undertake different measures (road lighting, transformation centers, buildings, etc.). The other two
are integrated within the city so that efficiency actions can only be undertaken within the buildings.
However, the results obtained refer to all three campuses. Hence, the UAH’s energy profile has to
take into account the diversity in the typology of buildings (historical and modern), the heterogeneity
in terms of teaching and research activities and the environment surrounding them (urban core and
campus with its own urban infrastructure).

Figure 1. University of Alcalá’s (UAH) Scientific–Technological External Campus. © The University
of Alcalá.
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4. Results

4.1. The Trend in Energy Consumption Saving of UAH

Since 2005 to now, the University has managed to stabilize electricity consumption, and it has
registered a downturn from 2006, due chiefly to energy-saving and efficiency initiatives (see Figure 2).

Figure 2. UAH’s evolution of electricity and natural gas consumption. Source: Own elaboration.

The following is a synthesis of the actions taken regarding energy saving and efficiency:

1. Initiatives to raise awareness of energy saving among the university community, led chiefly by
our EcoCampus office (See Ecocampus UAH. Office of Participation, Analysis and Enviromental
Initiatives) [34].

2. The introduction of environmental criteria in public tender procedures (green contracting) and,
particularly, when adjudicating contracts, encouragement and positive assessment of tenders made
by companies that have an energy efficient management system certified by some official body.

3. Energy audits of all buildings have been performed and efficient rehabilitation work undertaken,
and installations such as boilers have been replaced with others running on natural gas.

4. In addition, initiatives have been implemented in lighting systems (including sectoring of lighting
in all buildings, exploitation of natural light, reduction of lighting in lifts, lighting management
systems, and presence detectors in zones used occasionally) and in information systems (reduction
of hidden energy consumption or stand by effect).

5. Radiators have been fitted with thermostatic valves, and solar shield panels have been installed,
in addition to air curtains over either main or frequently transited entrances—all with a
view to making a relevant cut in energy consumption and raising awareness among the
university community.

Moreover, important efforts have been made to increase our renewable energy pool by means of
thermal solar technology for ACS, the use of plant waste as biomass, the use of alternative energies
for pumping, and so forth. The UAH also has an energy generating facility (Trigeneration) in its
Engineering School, while its Chemistry Building boasts the most important geothermal installation
in any public building in the Madrid Region and the largest of its kind in any European university
(Figure 3).
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Figure 3. (a) Trigeneration Plant UAH’s Polytechnic School; (b) UAH’s Chemistry Faculty, a building
of high efficiency due to the geothermal installation. © The University of Alcalá.

In recent years, however, efforts seem to have run out of steam, and there is a certain substitution
effect between the two basic energy sources. There are several reasons for this. The first is the
commissioning of energy-intensive facilities, such as the Learning and Research Resource Centre,
an 11,000 m2 heritage building, open 24 h a day, 7 days a week. Secondly, the regulatory barriers to
operate the Trigeneration Plant and its technological obsolescence.

Both demand investment policies that are conditioned by budgetary restrictions or, in contrast,
by new public–private partnership actions, which allow investment in efficiency by paying with the
savings generated in future years.

4.2. Main Indicators of Energy Consumption Saving of UAH in Terms of Consumption per User and
Consumption per Area

All these actions have allowed the University’s energy consumption per user and per area first
to fall and then to be maintained, thereby contributing to meeting the objectives of the Spanish
Government’s Action Plan for Energy Saving and Efficiency (2011–2020) but with a worrying change
of trend in recent years (see Figures 4 and 5).

Figure 4. Energy consumption per user (2003–2017) and goals for 2020. Source: Own elaboration.

199



Sustainability 2020, 12, 8908

Figure 5. Energy consumption per area (2003–2017) and goals for 2020. Source: Own elaboration.

The number of students has fluctuated since 2010 showing a certain downward trend, with degrees
now lasting 4 years instead of 5. The new energy-intensive services (24X7) increase their consumption
more than proportionally to the square meters they occupy, which leads to an increase in consumption
per square meter (Figure 6).

Figure 6. UAH’s Students (clients) and Square Meters (2003=1000). Source: Own elaboration.

The UAH also boasts Spain’s first solar-powered vehicle recharging point in its “Rey Juan Carlos”
Botanical Garden. Two other recharging points have been opened recently at other sites (in the
Pharmacy Faculty and in Malaga School in the City Campus). The Botanical Garden is, itself, a further
example of sustainability, a 260,000 m2 green space with more than 120,000 plant species that has
become a first-class teaching and experimental resource for students and the general public alike
(Figure 7).
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Figure 7. (a) UAH’s Botanical Garden; (b) UAH’s Solar-Powered Vehicle Recharging Points.
© The University of Alcalá.

4.3. The Evolution of UAH’s Footprint

All the UAH’s initiatives carried out in the last 17 years represent a significant contribution toward
building a more sustainable society, both locally and globally. In terms of sustainability, the UAH has
implemented actions and measures that aim at preventing, reducing, and eliminating any negative
environmental impact deriving from the university activities. However, it wants to go one step further.
As a public institution devoted to education, it wants to have a transforming effect on policy and to
contribute, albeit modestly, to solving global problems, including, of course, global warming.

To estimate its emissions, the UAH followed the guidelines of ISO 14064-1: 2006 and of the World
Resources Institute’s GHG Protocol and took into account these sources of emissions [35,36]:

• Source 1. Direct GHG emissions: Associated with combustion of natural gas in boilers, with use
of refrigerant gases, and with combustion of vehicle fuel.

• Source 2. Indirect GHG emissions: Associated with electricity consumption and use of direct
thermal energy.

• Source 3. Other indirect GHG emissions: Associated with travelling in buses paid for by the UAH
staff, but also air and railroad travelling by UAH staff, and with fuel consumption of maintenance
vehicles belonging to UAH subcontractors.

In 2014, 59.14% of the UAH’s GHG net emissions were direct emissions from source 1 (2193.67
TCO2 tons of source 1), 16.37% were indirect emissions due to the consumption of electrical and
thermal energy (source 2) (607.89 TCO2), and the remaining 24.49% were emissions from source 3.
Emissions deriving from electricity consumption are undoubtedly the most significant (55.4% of TCO2
tons), followed by gas consumption (24.3%). That is why efficient energy policies are so important,
since they reduce quite considerably the direct and indirect emissions caused by university activity
(see Figure 8) (During 2020, work is underway to update the data of 2018. The restrictions resulting
from the pandemic have delayed these tasks and no data are available).

In 2010, due to energy efficiency policies, the UAH was already able to consider itself a low-carbon
organization, meeting even then the objectives fixed for reduction by 2040. Currently, the UAH is
continuing to work on updating its carbon footprint. However, its commitment to directly reducing
the emissions due to electricity usage (100 percent of renewable sources) or the compensation policies
for emissions, as in the case of gas (all gas consumed is compensated) has enabled UAH to reach
the 2050 targets already, with reductions above 80% in 2008–2011 and additional reductions of 25%
in 2012–2014.
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Figure 8. UAH’s Emissions TCO2, 2008–2014. Source: Carbon footprint, UAH 2011 y 2014. Gas
Natural-Fenosa—UAH [35,36].

These results encourage UAH to work even harder to improve efficiency and sustainability and
to act as an example for the students, who are the generation that will have to build a more socially,
economically, and environmentally sustainable future. International distinctions, such as being rated
the third most sustainable university in the world by the non-profit, San Francisco-based organization,
Coolmyplanet Universities Ranking [33], or its consistently high position—always among the top
40—in the University of Indonesia’s Green Metric World University Rankings [32], stimulate UAH to
make further improvements in the same direction (see Table 1).

Table 1. UAH position in Green Metrics and Coolmyplanet Rankings.

Ranking Year
UAH Position/Total

Universities
UAH Position Regarding

Spanish Universities

Green Metrics

2019 19/780 2nd Spanish University
2018 16/719 1st Spanish University
2017 16/619 1st Spanish University
2016 26/516 2nd Spanish University
2015 37/407 2nd Spanish University
2014 28/361 1st Spanish University
2013 12/301 1st Spanish University
2012 31/215 1st Spanish University
2011 31/178 1st Spanish University

Coolmyplanet, 50 Most Environmentally
Sustainable Universities in the world

2016 3/50 1st Spanish University

Source: Own elaboration based on Green Metric World University Rankings [32] and Coolmyplanet Universities
Ranking [33].

5. Discussion

The UAH’s experience over 17 years of initiatives between 2003 and 2019 suggest that the energy
efficiency policies should be stepped up in accordance with four basic lines of action:
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• To bring to completion the policies for energy sustainability through renewable energies.
• To go further in saving and management issues on the principle that the most sustainable energy

is the energy that is not consumed.
• To integrate technology and innovation into the strategic management of sustainable energy.
• To set up a model of management and ongoing improvement to facilitate the monitoring and

certification of the efficiency policies.

To this end, in 2014 a cooperation contract was signed by the public sector (the University) and
the private sector to execute a global, integrated project for the interior lighting of the UAH’s buildings
and installations and its external campus’s road. The idea was to improve energy efficiency in terms of
lighting, to reduce energy consumption, and/or to create energy generating systems for either sale or
self-consumption, thereby helping to cut the UAH’s energy bill. This effort has resulted in a twelve-year
contract worth EUR 7 million of private funding to be financed essentially through savings achieved in
energy consumption. When all initiatives are 100 percent operative, there will be an annual saving of
KWH 3.9, amounting to a saving of more than EUR 200,000 in direct costs to the University over the
ten years that the project lasts. The project rests on four basic pillars (Figure 9) [37].

Figure 9. UAH’s strategy regarding energy efficiency. Source: Own elaboration.

Pillar 1. Improvements and renovation work.

A series of initiatives has been envisaged on three fronts:

1. The replacement and/or renewal of both indoor and outdoor lighting installations on the External
Campus. This has meant replacing more than 70,000 light fittings; it was completed in 2016.

2. The installation of building automation control and management devices (detectors, pushbuttons,
sensors, light regulators, and so on) to enhance performance and efficiency while ensuring permanent
user comfort.

3. Facility improvements and renovation work.

Pillar 2. Centralized energy management.

Initiatives are under way to:

1. Implement centralized energy management: quality control, uses, licenses, certifications, and regulations.
2. Develop a centralized remote Management Platform for all our facilities’ building automation devices

and lighting.
3. Implement a full guarantee maintenance system, with the aim of achieving operational perfection in all

elements of new installations and of maintaining the performance at initial levels over time.

Pillar 3. Renewable energies.

The UAH has a significant tradition of commitment to renewable energies: geothermal energy, trigeneration,
and solar panels are only some examples. Despite the scarcity of funds for investment and the absence of a
stable regulatory framework, the UAH remains steadfast in its commitment to renewable energies on
two fronts:
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1. Encouraging direct use of renewable energies, with the installation of 4-kilowatt mini-wind farm
installation (completed in 2016) that will generate electricity to be used in the Science Building, as well as
a solar photovoltaic plant for the sports hall and a biomass plant at University Residential City (CRUSA)
facilities. In addition, a free-cooling system is to be installed in the computing services’ CPD.
Furthermore, photovoltaic LED light fittings running entirely on solar power are being installed. UAH
aims to promote the use of electric vehicles by increasing the number of top-up points and requiring our
suppliers to use this type of vehicle.

2. Promoting consumption compensation for both electricity and gas. Since 2010 to now, UAH electrical
energy has come from renewable sources, and it is certified as doing so by the National Commission of
Markets and Competition. As for gas, since 2016, all emissions due to UAH consumption have been
compensated by the supplier.

Pillar 4. Certification.

Introduction of an ISO 50001 EMS, to develop and implement the energy policy and manage all elements of
UAH activities and all products or services that impinge on energy use (energy aspects).

The EMS, in conjunction with ISO 14001 (environment) and ISO 9001 (quality) management models, aims to
achieve ongoing improvement in energy use and associated costs, the reduction of greenhouse gas (GHG)
emissions, the proper use of natural resources, and the promotion of renewable energies.

The EMS is recommended for organizations wishing to show publicly the implementation of an EMS,
their better use of either renewable or surplus energies, and the systematization of their processes in
consonance with their energy policy. Thus, for the UAH, it is of vital importance that this ISO 50001 EMS be
implemented, as it will be its energy and environmental blueprint for the years to come.

6. Conclusions

Energy efficiency has been one of the basic management strategies in the UAH up until 2018.
This has meant that, at present, the UAH is a world leader in Energy and Climate Change, according to
the 2019 edition of the Green Metrics ranking.

There are two key elements to achieving this sustained result over time: first, the actions of the UAH
management team, and, second, the public–private collaboration considering different stakeholders.

The energy savings and efficiency actions include the creation of the EcoCampus office to raise
awareness of energy saving among the university community, the introduction of environmental
criteria in public tender procedures (green contracting), the energy audits of all buildings and the
efficient rehabilitation works, the implementation of initiatives in lighting systems and in information
systems, the installation of thermostatic valves in radiators, and solar shield panels, and the increase of
its renewable energy pool by means of thermal solar technology for ACS, the use of plant waste as
biomass, the use of alternative energies for pumping.

They have allowed the University’s energy consumption first to fall and then to be maintained,
thereby contributing to meeting the objectives of the Spanish Government’s Action Plan for Energy
Saving and Efficiency (2011–2020) but with a worrying change of trend in recent years. The UAH’s has
managed to stabilize electricity consumption, and it has registered a downturn by 13.8% from 2006
until 2017. The electricity consumption per user and per m2 has fallen by 20% and by 37%, respectively,
in the same period. In recent years, however, the efforts developed to increase its renewable energy
pool seem to have run out of steam. The functioning of Learning and Research Resource Centre,
an 11,000 m2 heritage building, open 24 hours a day, 7 days a week and the regulatory barriers to
operate the Trigeneration Plant and its technological obsolescence are the main factors explain that
negative trend. Its required investment policies that are conditioned by budgetary restrictions or by
new public–private partnership actions, which allow investment in efficiency by paying with the
savings generated in future years.

Regarding the UAH’s footprint, the available data show that in 2010 the UAH was already in
a position to consider itself a low-carbon organization, meeting even then the objectives fixed for
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reduction by 2040. Currently, the UAH is continuing to work on updating its carbon footprint for the
period 2015–2018. However, its commitment to directly reducing the emissions due to electricity usage
(100 percent of renewable sources) or the compensation policies for emissions, as in the case of gas
(all gas consumed is compensated) has enabled UAH to reach the 2050 targets already, with reductions
above 80% in 2008–2011 and additional reductions of 25% in 2012–2014.

On the other hand, the public–private partnership signed in 2014 made it possible to mobilize
very substantial financial resources of the order of EUR 7 million.

It allowed the remodeling of obsolete installations (lighting, computer servers) by introducing the
latest available technologies and contributing to a management scheme in accordance with international
certifications ISO 14,000 and ISO 50,000. However, efforts need to be redoubled and public–private
collaboration maintained. Legislative changes and changes in University government teams have not
contributed in recent years.

The UAH’s energy saving actions findings from a thorough document analysis and the energy
efficiency indicators are in the line of other similar studies as for example those referred to University
of Coimbra [21], UK higher education institutions [4], Canadian post-secondary institutes [24] or
in the case of a Malaysian public university [25]. In some of these studies a set of difficulties to
analyze the impacts of energy efficiency intervention on HEIs are highlighted including lack of
methodology, ambiguity with respect to energy consumption indicators, problems in establishing
assessment boundaries, lack of clear targets for carbon reductions within the HEIs, among others.

The case analyzed of the UAH’s energy efficiency has been guide by the Spanish Government’s
Action Plan for Energy Saving and Efficiency (2011–2020) to offer an objective analysis. However,
carrying out a survey among the responsible of the energy efficiency program in the UAH could
have given more understanding about the efficacy of internal programs carried out, the limitations
faced, and the need to develop future actions as sectorization strategies of energy consumption and
the modernization of infrastructures to introduce sensing mechanisms. The knowledge of the users’
behavior is also key to undertake saving policies aimed at reducing further the consumption of all
energy sources. The use of data and centralized management will allow, in the future, for advancing in
this direction. For this reason, a survey among the academic community could give a more accurate
comprehension about their patterns of energy-environmental behaviors and take action to raise
awareness of energy efficiency in the campus.

Historically, the UAH has shown that a Sustainability Strategy not only corresponds to its basic
Social Responsibility Policies, but that it is a profitable option, stabilizing consumptions and seeking,
with industry, the most sustainable options in the market.

Efficiency actions in World Heritage buildings is a challenge for the future. The will of both
university management and public authorities (archaeological and construction regulations) is necessary
to provide these facilities with the most efficient technologies.

For example, geothermal energy installation on the scientific campus has proven to be an excellent
solution for energy saving. This can be done on the historic campus but requires a shared vision
from all stakeholders: University managers (General, Construction Officer, and Contracts Officer);
local services and authorities that oversee the protection of Heritage.

Although the results cannot be generalized due to the limitations of the methodology used,
the findings show that internal and external strategies including searching for alliances are essential
elements to improving the contribution of the University to the fulfillment of the Sustainable
Development Goals, not only because of its direct actions but also because of the multiplying
effect that the University has as an agent of social change.
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