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Preface
Energy efficiency, applied to the sustainable management of natural resources in our
cities and towns, is a concern that transcends purely economic aspects and at the
same time is a social demand. The recent climate summit held in Madrid (December
2019) marked as strategic goals for the future the making of our cities and homes
increasingly energy efficient and environmentally sustainable. The sustainable management of forest resources in rural areas, sustainable crops, production of sustainable energy of a renewable nature at local and domestic levels, and the use of
sustainable energies are strategic objectives that are framed within the new ecoefficient strategies oriented towards the circular economy of cities, towns, and homes.
In this book we try to provide innovative solutions for sustainable energy production at a domestic or local level, by looking at the energy efficiency applied to
sustainable lighting. We also analyze the new concept of the “smart city” as a future
option for sustainable energy management of the towns and cities of the immediate
future. This work deals with very innovative aspects associated with production,
management, energy production systems, and efficient lighting. On the one hand,
we describe innovative autonomous sustainable lighting systems with luminescence
techniques applied in rural or remote areas away from the energy production
centers as an alternative for self-consumption. On the other hand, we study the
techniques of remote management and control of sustainable savings, perfectly
applicable in large urban centers. Also, we present some problems that have been
detected in the application of new technological forms of lighting, as well as case
studies of the practical application of sustainable lighting.
The innovative nature of the topics presented in this book attempt to give a globalized version of the new systems and innovative ideas that are currently being
applied in different parts of the planet. These are sustainable solutions designed to
impact the problems of energy efficiency and sustainable lighting and are a clear
sustainable commitment to our cities and homes.
We want to thank the editorial staff at IntechOpen for the opportunity to value the
experiences and work carried out by different researchers and scientists who have
presented their work within this exciting project. The excellent contributions collected in this book will surely serve to disseminate among scientists and researchers
their innovative experiences in the field of energy efficiency and sustainable lighting.

Manuel Jesús Hermoso-Orzáez
University of Jaén,
Spain
Alfonso Gago-Calderón
University of Málaga,
Spain

Section 1

Introduction
to Sustainability
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Chapter 1

The Improved Model of the
Method, Rights, and Resources
(MRR) for the Evaluation of
the EIA System: Revising the
Sustainability Indicators
Rowan Kushinga Machaka

Abstract
Measuring effectiveness of environmental impact assessment systems is
central to the implementation of environmental impact assessment, considering
the debate about relevance and usefulness of environmental impact assessment
systems. Many models for evaluating environmental impact assessment system’s
effectiveness have been developed. Difficulties in quantifying environmental
impacts have restricted the effectiveness mostly to procedural effectiveness evaluation, though substantive effectiveness evaluation is better. The method, rights,
and resources (MRR) model was initially developed to harness the indicatorbased evaluation theory into the evaluation of environmental impact assessment
system’s effectiveness. This chapter reviews the method, rights, and resources
model and proffers some improvement. The method, rights, and resources model
evaluates environmental impact assessment systems using indicators of compliance, participation, and capacity. The indicators incorporate both procedural and
substantive approaches; hence, it attempts to present a more indicative measure
of environmental impact assessment system’s effectiveness. The guiding idea in
this chapter is that monitoring and evaluating environmental impact assessment
systems should be embedded in the environmental impact assessment system
itself as opposed to being concepts that are externally and subsequently applied
on existing environmental impact assessment systems.
Keywords: environmental impact assessment, procedural and substantive
effectiveness, indicator-based evaluation, compliance, participation and capacity

1. Introduction
The concept of environmental impact assessment (EIA) was developed
in the USA in 1960. From there, the concept quickly spread across the world.
European countries adopted EIA very early after that. Most developing countries adopted EIA after 1992. For example, although no African country had
mandatory EIA procedures prior to 1992, over 40% had established EIA systems
by 1997 [1]. After 1992, EIA was rapidly adopted as a national decision-making
3
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tool by many countries. This rapid adoption is in most countries was undoubtedly influenced by the Rio Summit.
The Rio Declaration on Environment and Development and the Local Agenda
21 placed EIA firmly as an important concept in environmental management
processes.
The EIA system’s primary role is to incorporate environmental issues into
decision-making to ensure that new developments include steps to protect the
environment and social well-being. EIA is therefore a series of steps that enable
environmentally responsible decisions to be made. A logical question that follows
is whether EIA systems actually contribute to environmental protection and, if so,
how effectively.
Although the finer details of how EIA is implemented vary from country to
country, the basic idea is the same. In this chapter, it is assumed that the reader has
reasonable knowledge about the EIA process; therefore, only a brief description
is given. It starts with a detailed knowledge of the proposed project. This detailed
knowledge informs the possible impacts that may arise from the implementation of
the project.
Studies are done to determine the environmental baseline on which possible
environmental impacts of the proposed project may be benchmarked. The baseline
also enables experts to understand details about the potential impacts such as
magnitude, type, severity, and so on. The next step is to plan for ways of reducing
any negative environmental impacts that would have been identified and analyzed
while enhancing any positive impacts, if any. An environmental management plan
is put together and married to project implementation. One of the important steps
of EIA is the consultation of affected and interested parties (stakeholder consultation) to gain and incorporate their views.
The effectiveness of the EIA process is a growing subject of scholarly research
[2, 3]. Governments and private companies commit many resources to implement
the EIA process. The major question that remains partly unanswered is whether
EIA is achieving environmental protection as expected. From this question arises
another question which is the focus of this chapter. How can the effectiveness of an
EIA system be measured?
The MRR model is one such a means introduced to evaluate EIA system
effectiveness [4]. The purpose of this chapter is to introduce an updated method,
rights, and resources (MRR) model for evaluating EIA system effectiveness [4],
an alternative conceptual and practical model based on the evaluation theory. The
next section describes the research method of this chapter followed by presenting
different approaches to evaluating EIA system effectiveness and then discussing
the challenges associated with evaluating EIA system effectiveness. After that the
theoretical framework of the MRR model is presented followed by the MRR model
and its application and finally the conclusion and recommendations.

2. Research methodology
This chapter sets out to review and improve the MRR model for EIA system
evaluation. To do so, the literature review of the current EIA evaluation models was
conducted together with the UN conventions on which the MRR model is based.
After adding more theoretical context, the description of the MRR model was
reviewed to add rigor and flow diagrams.
Further improvement was made by discussing the pros and cons of the MRR
model using a SWOT analysis. Further recommendations toward the application of
the MRR model were added.
4
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3. EIA system evaluation approaches
Firstly, it is important to set apart EIA review models whose primary purpose is
to assess the compliance and content of EIA reports/statements. Examples of these
are the Lee and Colley review package [5], the European Commission Guidelines on
EIS Review, the Oxford-Brookes University EIS review package, and the Guide to
Technical Analysis of Environmental Impact Studies.
This chapter is concerned about evaluating the effectiveness of the entire EIA
system. Effectiveness of EIA systems has been researched since EIA systems were
introduced. EIA effectiveness evaluation approaches were originally divided into
two categories, vis-à-vis the procedural and the substantive effectiveness [6].
Adherence to the stipulated method of conducting EIA is the focus of procedural
effectiveness. For example, in procedural effectiveness, the focus is on whether EIA
studies were conducted thoroughly, whether the public had adequate opportunity
to air their views, and whether the views were taken into consideration. Hence procedural effectiveness emphasizes on assessing how well information was gathered
and used for decision-making and much less on whether tangible environmental
stewardship itself was actually achieved. The actual environmental protection
objectives are assumed to be achieved once a certain method is followed in conducting EIA studies and making decisions about it.
A typical procedural effectiveness viewpoint is the “democratization of governmental decision-making processes” as suggested by Macintosh [7]. In this case,
simply ensuring that affected stakeholders have contributed to the decision-making
process would be considered an achievement of its objectives.
Procedural EIA system evaluation is the easiest to perform since the focus is
on whether specific procedural steps have been complied with. There are many
procedural EIA evaluation models that have been developed. Two examples are
given below.
The first one is the systemic and foundation measures model which was developed by Ahmad and Wood [8]. Features of EIA (system) “that are designed to
deliver quality assurance in both practice and the administration are called systemic
measures” [9]. Foundation measures are those “actions undertaken to improve the
effectiveness of the EIA system and ensure successful application of the systemic
measures” [9].
The other model is the EIA evaluation criteria developed by Wood which consists of 18 questions grouped into 3 categories, namely, institutional aspects of the
EIA system, EIA process, and other requirements of the EIA system [10]. The EIA
evaluation criteria have been widely used [11, 12].
There are a number of other criteria that have been developed and applied such
as the 21 criteria [13], 5 criteria [14], 62 criteria [15], and 80 criteria [16]. All these
are primarily procedural effectiveness models (Table 1).
5
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Approach/model

Effectiveness
evaluation

Focus

Procedural

Quality of EIA reports

• Systemic and foundation measures model

Procedural

Presence of the basic conditions
and requirements for EIA system
implementation

• EIA evaluation criteria (18 questions)

Procedural

Diverse including EIA report quality,
conditions, and requirements for
EIA system implementation
Historical view of EIA system

Transactive

More empirical measure of the
effectiveness of EIA systems

• Lee and Colley review package
• European Commission Guidelines on EIS
Review
• Oxford-Brookes University EIS review package and the Guide to Technical Analysis of
Environmental Impact Studies

• 5 criteria
• 21 criteria
• 62 criteria
• 80 criteria
• Cost-effective analysis (CEA)
• Cost-benefit analysis (CBA)

Table 1.
List of approaches to EIA system effectiveness evaluation.

Substantive effectiveness focuses on whether EIA systems are actually achieving
the tangible outcomes, the ultimate tangible outcome being the protection of the
environment and improving social well-being. Without achieving the actual protection of the environment, the EIA process is not adequately effective. Therefore,
understanding if EIA systems protect the environment is very important.
For that reason, substantive effectiveness of EIA systems is a better measure
of EIA system effectiveness than procedural effectiveness because it addresses the
actual environmental protection outcomes of the EIA system. To give an example,
we can ask the question: “Has the implementation of the EIA system actually
resulted in less pollution, less land degradation, or enhancement of the natural and
social environment?”
To answer this question requires the use of some metrics which quantify impacts
such as pollution, land degradation, and enhancement of the natural and social
environment. Only with quantitative information is it possible to objectively measure impact attributable to EIA systems and, as a result, to assert that substantive
effectiveness is present. Quantitative metrics go as far as assigning monetary value
to environmental goods, services, and impact, to measure whether the society has
actually benefitted from implementing EIA systems.
However, there are challenges with quantitatively measuring environmental and
social impacts and even more challenges with monetizing the same. For example,
since any country has implemented its EIA system, how much flora and fauna has
been saved, and how much is better off because of it?
At a project level, it may be possible to quantify some of the impacts more objectively. For example, a single project can make a case that the level of pollution in an
adjacent river has not increased, measured in terms of concentration of pollutants
and compared to the baseline before the project started. However, to cascade this
measurement to the EIA system level and involving all possible impacts cannot be
easily demonstrated.
Therefore, substantive models of EIA system evaluation are much more challenging for two reasons. Firstly, methods of measuring environmental goods and
6
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services in order to measure environmental damage avoided through the EIA system
are contestable. Secondly, even if there was such a widely accepted method, the
attribution gap could be impossible to objectively account for.
Besides the procedural and substantive models postulated by Cashmore, two
more models of EIA effectiveness have been added vis-a-vis the transactive and the
normative [15, 17].
Transactive EIA effectiveness is one which focuses on relating the cost of carrying out the EIA process to the relative outcomes/benefits of doing so. Hence transactive EIA effectiveness places emphasis on efficiency of resource use. As noted by
Veronez and Montaño [18], not much attention has been paid to transactive EIA
effectiveness. However, in this chapter cost-effectiveness analysis and cost-benefit
analysis are identified as possible tools to use for transactive EIA effectiveness.
CEA can be used to compare two alternative courses of action based on the
ration of the cost of the course of action to an indicator of the outcomes. The
outcomes are not quantified, but a suitable indicator can be used to quantify
the outcomes. Although the author could not locate examples where CEA has
been applied in EIA effectiveness, it is conceivable how application can be done.
For example, the cost of operating the entire EIA system can be compared to its
outcomes such as the number of EIA studies conducted, reviewed, and licensed.
Similarly, the efficiency of monitoring EIA implementation in the post-certification
stage can also be evaluated.
CBA [19] is similar to CEA except that in CBA, the outcomes are expressed in
monetary value. For example, the efficiency of the extra costs incurred by businesses as a result of implementing the environmental management plan can be
evaluated against the zero option or other options.
It is important to note that the use of CBA in EIA is common but at the EIA study
level in the pre-certification phase of EIA [20]. How to use CBA for EIA system
effectiveness evaluation is not clear yet and still needs to be developed.
The last and fourth approach to EIA effectiveness (after procedural, substantive, and transactive) also postulated by Loomis and Dziedzic [17] and Veronez and
Montaño [18] is the normative approach. In normative effectiveness, the focus is on
the broader impacts of EIA on “sustainable development and participatory process”
involved. Normative EIA effectiveness takes into account EIA best practices for
continuous improvement.
As noted by Veronez and Montaño [18], there is a conceptual basis for bringing
together the different EIA effectiveness models into an integrative EIA effectiveness
model. The method, rights, and resources model, as described in this chapter, is one
such attempt to produce a more integrative model of evaluating EIA effectiveness.

4. Challenges to EIA effectiveness models
This section discusses the challenges that affect evaluation or measurement of
EIA effectiveness.
4.1 Effectiveness of EIA: an afterthought
The first is that, by design, at both policy and project levels, EIA systems lack
inherent evaluation mechanisms. Concerns by US citizens over environmental
degradation triggered the birth of EIA. As a result, emphasis has always been
placed on the processes which support popular participation and decisionmaking in the pre-certification phase but less in the post-certification phase.
Another characteristic of its political origins is that the EIA steps did not include
7
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a clear path to evaluate its success. The need to evaluate the effectiveness of EIA
systems was almost an afterthought.
Therefore, EIA systems usually do not have built-in evaluation mechanisms
comparable to inherent evaluation mechanisms of policies planned through the
logical framework analysis. Indicators of progress to outputs, outcomes, and impact
are used in LFA planning approaches to inculcate evaluation before policy implementation even starts.
4.2 Quantifying impact
As discussed before, the second challenge is about quantifying environmental
impact. For EIA to be considered effective, the question of how much of the environment and social well-being an EIA system saves in pertinent quantification of
environmental damage and social well-being levels is necessary to ensure objective answers to this question. Empirical baseline using environmental and social
well-being indicators enables future measurement of chance. For example, before a
mine is set up, ground water quality can be measured as a baseline. Future periodic
measurements will then be measured against the baseline to determine if negative
or positive impact has been made.
However, other stakeholders may emphasize on monetary value of the impacts
so that they can offset against the cost of implementing the EIA. Unfortunately,
there are many models of putting a monetary value to the environment, but they all
suffer from the challenge of what is the real value of nature. Hence, this challenge
will continue to exist.
4.3 Attribution gap
Attribution gap is another challenge. In all policy interventions such as EIA,
the impact of policy is often subject to other policies or forces such that the
resultant change, whether negative or positive, cannot be attributed to one intervention. Hence the attribution gap requires accounting for unplanned forces of
change and unplanned change itself. Such other forces may include environmental
awareness campaigns affecting the attitude of citizens toward environmental
issues in general and other policies such as local environmental action plans and
waste management plans.

5. Theoretical framework of the MRR model
The theoretical framework for the method, rights, and resources model is
derived from the outcomes of the Rio Summit of 1992. This may be unusual
that a theoretical framework is derived from policy documents, but as will
be demonstrated, that makes EIA effectiveness evaluation very practical and
relevant.
The MRR model starts by recognizing that the EIA system is enshrined
in the outcomes of the Rio Summit and national policy and legal documents.
Therefore, the MRR attempts to identify what these documents intended to
be the elements of the EIA system and draw from them. Method, rights, and
resources are the three elements of the MRR model for EIA system effectiveness
evaluation.
In the Rio Declaration on Environment and Development [21], the world
governments agreed on 27 principles to guide the world toward sustainable development. Principle 17 states that:
8
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Figure 1.
MRR model’s theoretical framework.

“Environmental impact assessment, as a national instrument, shall be
undertaken for proposed activities that are likely to have a significant adverse
impact on the environment and are subject to a decision of a competent national
authority.”
Principle 15 advanced the precautionary principle stating that:
“In order to protect the environment, the precautionary model shall be widely
applied by States according to their capabilities. Where there are threats of serious
or irreversible damage, lack of full scientific certainty shall not be used as a reason
for postponing cost-effective measures to prevent environmental degradation.”
After placing EIA as a tool for environmental decision-making, the necessary
elements for implementing sustainable development initiatives were also identified.
Section 8.3 (d) of the LA 21 stipulates the need for procedures:
“To establish domestically determined procedures to integrate environment and
development issues in decision-making.”
Section 22 of the LA 21 [22] states the right of affected people to participation in
decision-making:
“One of the fundamental prerequisites for the achievement of sustainable development is broad public participation in decision-making. … the need of individuals, groups and organizations to participate in environmental impact assessment
procedures and to know about and participate in decisions, particularly those which
potentially affect the communities in which they live and work.”
Principle 10 of the Rio Declaration on environment and development also promulgates that “environmental issues are best handled with the participation of all
concerned citizens …” and promotes “access to information” and “the opportunity
to participate in decision-making processes.”
We can therefore say, by design, compliance (with the method/procedure) is
identified as a requirement for implementing EIA systems. The other element is
participation (stakeholder’s rights), and the third one is capacity (or resources).
It is proposed that EIA systems can be used to evaluate based on these three to
gauge whether intended objectives are being achieved. Based on this discussion, we have the three elements as method (M), rights (R), and resources (R),
respectively (Figure 1).
The figure above shows a schematic representation of the theoretical framework
of the MRR model.
9
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6. The updated MRR model
This chapter proposes the method, rights, and resources model, which is more
flexible and all-encompassing while involving less of subjective assessment of the
researcher. This model proposes that the entire EIA system of any country can be
broken down into three elements, namely, method, rights, and resources. From this
point of view, the MRR model is an integrative model, seeking to bring together
procedural, substantive, transactive, and normative issues into EIA effectiveness
evaluation.
By nature, evaluation is a process of collecting and analyzing information, with
the aim of measuring the difference between the situation and a set standard. Since
information collection is involved, decisions must be made about what information
to collect and how to analyze it.
In MRR model, the set standard against which effectiveness can be evaluated is
derived from the founding principles of the EIA origins as discussed below. On the
other hand, what information to collect is guided by indicators specifically chosen
for EIA systems.
6.1 Method
Method has to do with the procedures or process putting the EIA system into
practice. The procedures or process ensures that stakeholder views and environmental issues are taken account of in decision-making. This is the pre-certification
phase. Procedures or process also ensures mitigation/enhancement measures stipulated for a project are implemented (post-certification phase). The pre-certification
phase is often laid out in the form of step-by-step guidelines (the EIA process).
Splitting the EIA process into two (pre- and post-certifications phases) makes it
easier to understand.
The main focus of the pre-certification phase is to produce an EIA report which
a regulatory authority will use to decide whether a project should be allowed to be
implemented or not. The report is produced through a scientific study of environmental and social issues relating to a specific project.
The pre-certification phase process can have the following general steps:
screening to eliminate activities which do not need detailed studies followed by
scoping the extent of the EIA study, collecting baseline information, stakeholder
participation platforms, impact identification analysis, impact analysis (e.g.,
magnitude, severity, etc.), formulating mitigation/enhancement measures, and
formulating the environmental management plan (EMP) and impact monitoring
plan (IMP).
The role of the post-certification phase is the implementation of the EMP and
IMP within the project activities. Often, reports about the progress of implementation of the EMP and IMP are required to be submitted to the regulatory authority on
a regular basis. In this way, the method becomes a reasonable proxy for substantive
effectiveness as companies report the achievement of environmental and social
protection at that level.
Given the importance of the process in determining the information available to
regulatory authorities for decision-making, compliance with the process is a necessity. In fact, the degree of compliance with the process is a measure of the effectiveness of EIA systems including the extent of integration of environmental issues into
both decision-making and, if granted permission, the implementation of projects.
An important point to note here is that measurement of environmental and
social impacts can be embedded in the method in the post-certification phase,

10
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hence giving the opportunity to measure substantive effectiveness, first at project
level and by extension at a higher EIA system level. For example, periodic reporting
of the success and failure in the implementation of the environmental and impact
monitoring plan provides information about the post-certification phase, indicating
potential substantive effectiveness of the EIA system.
6.2 Rights
Citizens who are affected by economic and social development have the
right to have a say in such activities. The EIA system provides a platform for
affected citizens to contribute their views to EIA decision-making. It is therefore essential to measure the effective participation of all stakeholders as this
demonstrates the effectiveness of an EIA system. To effectively contribute their
views, adequate information and an opportunity to contribute both need to be
provided.
Some stakeholders participate because of their mandates as organizations. For
example, a tourism project that has potential impacts on the river system may
require input from the ministry responsible for water even though the ministry
responsible for the environment may be responsible for facilitating the EIA system.
Environmental associations may also have a say on the mandate given to them by
their membership. Hence a wide array of stakeholders may participate in an EIA
process where their interests may be at stake.
The participation of all stakeholders can also be measured both in the precertification and post-certification phases. In the pre-certification phase, participation is about stakeholders having their views included in decision-making before a
project can be implemented. In the post-certification phase, participation is about
stakeholders being heard about the environmental and social impacts of the project.
Hence a strong post-certification participation is a proxy measure for substantive
effectiveness.
6.3 Resources
Policy implementation requires resources. In fulfilling their roles, the capacity
of the EIA system as well as that of the individual stakeholders is dependent on
the resources they have. This includes financial, human, institutional, legal, and
material resources for the EIA system to function. The LA21 constantly emphasizes
on the need for “means of implementation” which imply capacity required to implement the dictates of the declaration.
Just as discussed for the method and rights above, resources can also be measured in both pre- and post-certification phases. Similarly, the post-certification
measure of the resource capability of each stakeholder is a proxy measure of the
substantive effectiveness of the EIA.
Therefore, the MRR model is about measuring the level of compliance (with the
method), participation (upholding stakeholder rights), and capacity (in the form of
each stakeholder’s resources) in the two phases of the EIA system which, together,
give the measure of the effectiveness of the EIA system.

7. Application of the MRR model
In this section, the summarized overview of the MRR model is presented.
Development of indicators of effectiveness of the EIA system at all levels is the
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basis for applying the MRR model. Indicators can be developed based on the three
elements presented before, i.e., compliance, participation, and capacity.
Further to that, the indicators must clearly measure the pre- and the
post-certification phases separately. The importance of this is that by design, the
post-certification phase indicators must be proxies for the actual protection and
enhancement of the natural and social environment.
The set of indicators suggested below are categorized according to the three
pillars of the EIA system, namely, compliance, participation, and capacity. The
author cannot formulate an exhaustive list of indicators. In addition, indicators can
be formulated at different levels depending on the focus of the evaluation (e.g.,
national level or sector level). Similarly, indicators can be developed for each phase
of the EIA process, i.e., pre- and post-certification phases.
The indicators individually or collectively measure the effectiveness of the EIA
system. The rational further emphasizes that if compliance, participation, and
capacity are effective, the objectives of the EIA system are being achieved. The
objectives may be procedural, substantive, transactive, or normative.
Next, the application of the model indicates the sources of data from where data
can be collected to inform the analysis of each indicator. Data can be characterized
in several ways including whether it pertains to the pre- or post-certification phase
of the EIA system, whether it is secondary, primary, qualitative, quantitative, and
so on. The last part of the application suggests methods of data analysis suitable to
answer the question about whether a particular indicator is being achieved or not.
Emphasis is placed on quantitative analysis.
It is important to note that these indicators are derived from an EIA system with
detailed EIA process guidelines. The EIA process guidelines provide the standard
against which some of the indicators can be evaluated as shown in the following
tables (Tables 2–4).
7.1 Compliance indicators
Below are listed some suggested compliance indicators:

Data source

Indicator explanation

Sample of approved EIA
report (enumeration)

Average % of steps of the EIA process guideline that are complied with by
the EIA studies

Questionnaire survey of EIA
practitioners

Level of compliance in general
Level of compliance of the pre-certification stage in general
Level of compliance of the post-certification stage in general
Length of EIA process, from referral/prospectus/scoping to certification
Length of approval/review process
Integration of the approved environmental management plan and the
project’s/business’s environmental management system (if any)

Report of the responsible
authority

% of EMP monitoring reports submitted to responsible authority compared
to overall number of approved projects
% projects stalled before certification
% projects stalled due to non-compliance after certification
% projects approved within prescribed timeframe
Length of EIA process, from referral/prospectus/scoping to certification
Length of approval/review process

Table 2.
Compliance indicators.
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7.2 Participation indicators
Below are some suggested participation indicators:
Data source

Indicator explanation

Sample of approved EIA reports
(enumeration)

Number of stakeholders consulted during the EIA study process
Stakeholders’ recommendations that are integrated into the EIA report
for decision-making
Consultation methods used during EIA studies
Availability of information/feedback to stakeholders before
certification

Report of the responsible authority

Involvement of other government departments in the EIA review stage
(collaboration)
Involvement of other government departments in impact monitoring
(collaboration)
Availability of legal complaint systems

Questionnaire survey of EIA
practitioners

Involvement of other government departments in the EIA review stage
(collaboration)
Involvement of other government departments in impact monitoring
(collaboration)
Availability of information/feedback before certification
Availability of information/feedback after certification

EMP monitoring reports

Availability of information/feedback after certification

Table 3.
Participation indicators.

7.3 Capacity indicators
Below are some suggested capacity indicators:
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Data source

Indicator explanation

Report of the responsible authority

Capacity to monitor EMP implementation
Capacity to enforce EIA conditions
Capacity to review EIA reports
Stakeholder capacity to contribute to EIA process
Capacity to measure the environmental baseline
Capacity to identify and analyze impacts
Availability of baseline information
Availability of competent experts
Capacity to meet EIA study costs
Capacity to meet EMP implementation costs
Capacity to monitor impacts

Questionnaire survey of proponents and
practitioners

Capacity to monitor EMP implementation
Capacity to enforce EIA conditions
Capacity to model impacts
Capacity to review EIA reports
Stakeholder capacity to contribute to EIA process
Capacity to measure the environmental baseline
Capacity to identify and analyze impacts
Availability of baseline information
Availability of competent experts
Capacity to meet EIA study costs
Capacity to meet EMP implementation costs
Capacity to monitor impacts
Capacity to produce EIA reports

Energy Efficiency and Sustainable Lighting - A Bet for the Future

Data source

Indicator explanation

Sample of EIA reports

Capacity to model impacts
Capacity to review EIA reports
Stakeholder capacity to contribute to EIA process
Capacity to measure the environmental baseline
Capacity to identify and analyze impacts
Availability of baseline information
Availability of competent experts
Capacity to meet EIA study costs
Capacity to produce EIA reports

EMP monitoring reports

Capacity to monitor EMP implementation
Capacity to enforce EIA conditions
Capacity to measure the environmental baseline
Capacity to identify and analyze impacts
Availability of baseline information
Availability of competent experts
Capacity to meet EMP implementation costs
Capacity to monitor impacts

Table 4.
Capacity indicators.

7.4 Data sources and collection methods
Data collection follows the scientific research method conventions. There
are both primary and secondary sources of data from which to choose from for
each indicator. Some of the indicators allow the collection of both secondary
and primary data, but some may not. From the tables above, it can be observed
that most of the data comes from the EIA reports and questionnaire survey of all
stakeholders.
7.4.1 Secondary data sources
Secondary data sources for analyzing the indicators are documents found
within the stakeholders such as the government offices, regulatory authorities,
proponents, consultants, and any other institution. Reports from the regulatory
authority, the EIA reports reviewed by the regulatory authority, and the EMP monitoring reports are the main sources of secondary data. If the regulatory authority
produces an annual report, relevant data such as the total annual number of EIA
reports approved and rejected can be found. This data is relevant for evaluating the
effectiveness of the EIA systems overseen by the regulatory authority.
Data collection from regulatory authority documents is by reviewing and
capturing both qualitative and quantitative data.
EIA reports, environmental audit reports, impact monitoring reports, environmental management systems, prospectuses, referrals, project proposals,
terms of references, environmental certificates (and conditions), and environmental management plan reviews are other important sources of secondary data.
These secondary data sources are mostly found within the regulatory authority
but can also be obtained from the proponents implementing approved EIA plans.
From the EIA reports, data can be collected by reading and enumerating. For
example, EIA reports do show how much of the EIA guidelines are complied with
during their compilation. Hence the number of the steps of the EIA process that
each EIA report complies with can be counted or enumerated. Similarly, one can
calculate the number of the different types of consultation methods used which
indicates how well the stakeholders participated in the EIA process.
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7.4.2 Primary data sources
Stakeholders’ experiences are the main source of primary data. The main stakeholders of the EIA system include the government officials, proponents of projects
that have undergone the EIA process, consultants who undertake the EIA studies,
the public that is affected by the projects undergoing EIA study, and the regulatory
authority responsible for deciding on the EIA acceptance.
Any suitable primary data collection method can be used. Questionnaire instruments can be designed to collect data on most if not all the indicators. Interviews,
if necessary, can be used to provide in-depth information to explain the results of
quantitative analysis.
From the questionnaires, data can be collected to measure any of the indicators
that show compliance, participation, and capacity. Questionnaires can be used to
capture stakeholder experiences about the achievement of the procedural, substantive, transactive, and normative objectives of the EIA system. Questionnaires collect
information that fills in the gaps in secondary data from the regulatory authority
and proponents.
7.5 Data analysis
The MRR model places emphasis on quantitative analysis of data since the
primary focus of EIA effectiveness evaluation is to benchmark the achieved versus
Statistical analyses

Example

• Test of association between observed compliance and
expected compliance

For example, if desired compliance is set at say 70%
percent, a test of association can determine whether
the compliance level is significantly below, above, or
equal to 70%

• Calculate means of compliance, participation, or
capacity for each project type, and compare means
between the project types

For example, projects in the mining sector can be
compared to projects in the tourism sector in terms
of compliance or participation or capacity indicators

• Do the same for economic sectors, consultants,
project size, year, location, or any other categorization of projects
• Calculate compliance, participation, or capacity
for the pre-certification and the post-certification
phases, and compare the two phases
Set an expected benchmark of compliance,
participation, or capacity, and compare with the
observed/actual compliance, participation, or
compliance

For example, the pre-certification phase can be
compared to the post-certification phase in terms of
compliance or participation or capacity indicators
For example, if desired capacity is set at say 70%
percent, a test of association can determine whether
the capacity level is significantly below, above, or
equal to 70%

• Collate all compliance indicators into one overall
compliance indicator, and compare against a set
benchmark. Do the same for participation and
capacity

For example, from the questionnaire data, calculate
the mean compliance, and perform a test of
association to determine if the mean compliance
level is equal or less than a set benchmark such as
70%

• Calculate and graph the trends (trend analysis) in
overall compliance and participation of capacity over
several years

For example, grouping all EIA reports into the
corresponding years of compilation, calculate the
compliance indicators for each year, and observe if
compliance has been increasing or decreasing

• Rank stakeholders by participation levels

Table 5.
Suggested data analysis techniques.
15

Energy Efficiency and Sustainable Lighting - A Bet for the Future

Advantages

Weaknesses

Simplicity

Costly extensive data collection

Holistic

Unavailability of information

Improved objectivity
Flexible analysis approach
Triangulation

Table 6.
Advantages and weaknesses.

the planned. Below are some suggested statistical tests which can be used to analyze
the quantitative data that arise from enumeration and scoring of EIA reports and
regulatory authority reports as well as questionnaire data (Tables 5 and 6).

8. Advantages and weakness
8.1 Advantages and weaknesses
8.1.1 Advantages
This section will outline the advantages of the MRR model. Firstly, the MRR
model has the advantage of simplicity. Being based on the simple pillars of the
implementation of any policy intervention (compliance, participation, and capacity), the MRR model is very easy to conceptualize. Further, the MRR model uses
the evaluation theory, a commonly accepted and widely used approach in policy
interventions and development planning.
Secondly, the MRR model provides a framework to encompass all issues related
to the implementation of an EIA system. Any conceivable EIA issues including
effectiveness, efficiency, relevance, and sustainability of the EIA system can be
brought down to indicators within the three elements, i.e., compliance, participation, and capacity (or method, rights, and resources).
Thirdly, the MRR model is a possible reduction to the subjectivity that sometimes underlies the evaluation of effectiveness using other models. The MRR model
ensures that the EIA system is evaluated according to its fundamental principles
more than subjective concepts of researchers. For example, the idea of systemic and
foundation issues [9] discussed before is very dependent on the authors’ conceptualization of issues. However, compliance, participation, and capacity are more
objectively defined.
In addition, the MRR model emphasizes on quantitative data obtained as objective data collection process using standardized data collection tools.
In the MRR model, analysis can be adapted to suit the availability of data.
The indicators can also be crafted to suit the expected scope of EIA system
evaluation.
Multiple sources of data used toward a single indicator are a means of triangulating data collection. This allows a more robust analysis process and a richer and more
representative analysis outcome.
Lastly, the MRR model can be easily adapted to compare EIA systems from different geographical locations and jurisdictions. The MRR model is particularly suitable for use by regulatory authorities who have easy access to all the data required
for a rigorous evaluation of the EIA system.
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It is suggested that further fine-tuning of the MRR model can enable a more
objective and in-depth inter-country comparison of the performance of EIA
systems.
8.1.2 Weaknesses
There are also challenges with the MRR model. The main challenge is that
although quantitative methods can be used with the MRR model, the model still
falls short of completely addressing the inherent challenge of quantifying environmental impact. Secondly, applying the model can be very costly depending on other
factors. Thirdly, application will vary considerably depending on how the respective
country’s EIA system is set up. The MRR model will apply best where the EIA system is elaborate including specific guidelines, monitoring, and report systems from
which data can be made available. Where no such elaborate EIA system guidelines
exist, applying the MRR model is likely to be more challenging. However, the MRR
model can be narrowed down to suit the situation.
Lastly, data collection proposed in the MRR model is extensive. It may not always
be easy to obtain all the data. The availability of data also depends on having a welldeveloped system of recording and EIA reports and other sources of secondary data.
Without a significant pool of practitioners effectively involved in the EIA system, it
is not possible to obtain adequate information through the questionnaire surveys.

9. Conclusion and recommendations
This chapter introduced the MRR model for EIA system effectiveness evaluation. The chapter shows that the MRR model can address, albeit partially, some of
the objectivity and comparability issues of EIA system evaluation. The MRR model
does not intend to be a magic bullet to solve all the inherent challenges of quantifying environmental impact. It only suggests presumably a better approach to evaluating the effectiveness of EIA systems based on the evaluation theory and indicator
formulation.
The intention of the chapter was not to give a step-by-step guide but the basic
thinking behind the MRR model [4], hence opening it up to trial by other evaluators
of EIA systems.
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Chapter 2

Eco-Material Selection for
Lightweight Vehicle Design
Ahmad T. Mayyas and Mohammed Omar

Abstract
In order for automakers to meet the new stringent environmental policies and to
improve fuel efficiency of their vehicles, they started to change the design of their
vehicles to be better aerodynamically, to downside their vehicle sizes, thus they can
reduce the engine size as well, and to increase the level of the electrification (partial
or full electrification) of their fleet vehicles. Lightweight design is another widely
used strategy to improve fuel economy of automobiles. Potential lightweight material
needs to be cost effective, has the ability to reduce the weight of the vehicle and can
meet the functionality requirements. Thus, we need a systematic material selection
process that takes into consideration all design aspects such as cost, performance, and
environmental impacts. Eco-material selection provides a systematic method for
material selection and takes into account material’s mechanical properties, cost, and
ability to reduce environmental impacts over product’s lifetime. This chapter summarizes methods of eco-material selections for automotive structural panels in the
body-in-white. A set of numerical and qualitative metrics for eco-material selection
will be developed and discussed in this chapter. These metrics cover products’
environmental impact, functionality, manufacturability, economic, and societal and
safety factors.
Keywords: automotive, body-in-white, eco-material selection, lightweight design,
sustainability

1. Introduction
Automakers today work on three major areas to improve the fuel economy of
their fleet vehicles. Lightweight design, electrification and advanced powertrain
technologies have been widely investigated and adapted by many OEMs (original
equipment manufacturers) as the key solutions to improve fuel economy, thus
reduce GHG emissions over the vehicle’s lifespan. One of the early solutions to
improve fuel economy of the vehicles was to reduce their weights and to improve
their aerodynamic performance by changing the outer shape of the vehicle. Lightweight design emerged as a strategic solution to reduce the dependency on foreign
energy sources after the Arab oil embargo in 1973. Early lightweight vehicle design
aimed to reduce vehicle weight by substituting some of the heavy cast iron and steel
parts used in vehicles with lighter materials like magnesium and aluminum.
Recently advanced high strength steel (AHSS thereafter) and reinforced plastic
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composite materials emerged as new lightweight materials with a wider acceptance
than other expensive materials due to the decreasing trends in their production
costs and the new innovations in the manufacturing processes that allow for mass
production of these materials. Other lightweight design approaches also include
redesigning of the vehicle and downsizing. Some automakers redesigned their cars
to reduce aerodynamic resistance and improve fuel economy. In the downsizing
approach, the car dimensions and engine size are reduced to save the mass of the
vehicle, which require small engines that utilize less amount of fuel per driven mile.
One of the key issues encounter lightweight materials is the high cost of these
materials compared with the cost of conventional steel used in vehicles, the cost
associated with manufacturing these lighter vehicles is nontrivial and could reach
$3–22 per kilogram of total weight saved for parts made from aluminum and
magnesium and between $11 and $33 for parts made from carbon fiber reinforced
plastic, CFRP [1–3]. Cost is not the only challenge that is still facing the lightweight
materials such as magnesium and CFRP, and to a lesser extent aluminum, these
materials also known of being energy-intensive materials especially in material
extraction and manufacturing phases [4–5]. Many researchers focus on the vehicle
use phase and under emphasize energy and GHG (greenhouse gas) emissions in the
materials extraction and manufacturing of the vehicles which could potentially
result in a biased judgment towards favoring these lightweight materials over steel
or high strength steel.
If we look at the trend of passenger car weights in the last four decades, we can
see that the average passenger vehicle weights declined from about 4035 lb
(1830 kg) in 1975 to <3200 lb (1460 kg) in 1982. Over the same time period,
according to the U.S. Environmental Protection Agency numbers, the amount of
plastics used in a typical US passenger vehicle increased from about 4.6% in 1980 to
about 10–12% today [6]. However, the customer demand shifted their preference in
the last few years to the larger and heavier vehicles such as sport utility vehicles
(SUVs) and pickup trucks because of their heavy-duty functions. As a result, the
average vehicle weight has increased again until it reached about 4150 lb
(1890 kg) in 2009 [6]. The average weight for new vehicles produced in 2016 was
1830 kg (4035 pounds) as a result of the added weights of electronics and new
subsystems in the car. The average new 2016 car weight fell by 23 pounds from 2015
value, and the weight of an average new truck fell by 24 pounds from previous year
value (Figure 1). However, the new trends in vehicle light-weighting aims at
enhancing the vehicle fuel efficiency as well as improving its driving performance
while lowering its emissions [6–7]. Many experimental studies found that a 10%
reduction in vehicle weight translates into a 5–7% improvement in the vehicle’s fuel
economy in terms of miles per gallon MPG or kWh per mile [7–9].
Electrification of vehicle drivetrain was proven to be an economic and
environmental-friendly solution to overcome the problem of the tailpipe emissions
in the congested cities. However, many studies have raised questions on the economics of electric vehicles vs. conventional gasoline powered vehicles and the total
environmental impacts when the vehicle uses electricity from power generation
plants that uses coal or heavy oil [4]. Electric vehicles that are charged from power
grids that associated with larger footprints of the generated electricity (kg CO2-eq/
kWh), might not be competitive from the environmental standpoint, thus giving
more advantages to the economic petroleum-operated vehicles that have advanced
powertrains and higher MPG (miles per gallon).
In this chapter, we will introduce and discuss a systematic eco-material selection
method that can be used in the early design phases to screen materials and then
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Figure 1.
Change in adjusted fuel economy, weight, and horsepower for model years 1975–2017 (1975 values are: fuel
economy 13.5 miles per gallon; horsepower 138 hp; and fuel weight 1830 kg) (image source: Ref. [6]).

select the most suitable candidates that can replace conventional steels in the passenger cars using functionality and mass of the parts as the key requirements in the
design, and then expand the selection to include other environmental and economic
aspects in the design problem. By following this proposed procedure in the design
process, design team could save time and efforts in selecting lightweight materials
and make sure they consider all sustainability factors in their part design and
selected materials.

2. Eco-material selection methods
Sustainability is a multidisciplinary approach that encompasses the design for
the environment factors (e.g., energy, greenhouse gas (GHG) emissions, and endof-life, recycling and circular economy analysis), safety and societal factors, and
economic factors. Safety and societal factors in the sustainability model focus on
safety, health, and wellness of the product from premanufacturing all the way until
the retired products being disposed or recycled at their end-of-life stage. Economic
factors are costs incurred in the materials and part production and any cost incurred
or saved at the end-of-life phase. Automakers use several sustainability models to
select materials for auto-bodies. While some of these models focus on the environmental aspects of the material selection process in the early design stages, other
models are based on a single portion of the product’s life cycle (e.g., energy use or
the recyclability of the materials). Some of the popular material selections methods
include qualitative and quantitative methods. Artificial intelligence and multicriteria decision-making methods have also recently emerged as new tools to facilitate the material selection process of the complex design problems where multiobjectives and many constraints can be added simultaneously in one step instead of
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the tedious, time consuming classical screening and selection process. Below is a
brief description of these material selection methods:
1. Qualitative methods: qualitative material selection methods have been used as
guidelines for eco-material selection (e.g., “choose abundant, non-toxic material
if possible,” “select cheap lightweight material,” etc.). Analysis of material
performance requirements is another qualitative method that relies on screening
materials based on certain mechanical, environmental, or economic
requirements. Performance evaluation can also be expanded to select material
based on their manufacturability or their performance in the field [10]. So, the
beauty of the qualitative methods comes from their versatility in classifying
materials based on their relative performance or functionality, but they cannot
be used as the basis in the larger eco-informed decision-making processes when
multi-objectives are considered simultaneously or when conflicting goals start to
emerge in the design problem.
2. Quantitative methods: quantitative approaches are used to rank different
materials using specific metrics that derived from numerical material selection
process that uses material selection indices as the basis for material screening
and selection. The framework of this quantitative material selection process
was established by professor Ashby and his colleagues from University of
Cambridge, UK. Single environmental indicator or eco-indicator was proposed
by Wegst and Ashby [11] to assess materials from the environmental
perspective. Ashby [12] extended this single eco-indicator and added energy
content indicator to the material selection process. Coulter et al. [13] and,
Ermolaeva et al. [14] proposed adding the environmental cost as another
measure to assess the relative performance of the candidate materials and how
they can do the specified functions at the lowest cost possible.
Another quantitative method using material selection indices was proposed by
Kampe [15]. In this study Kampe developed an energy-based material selection
model in which a specific material could be used as a part of the overall
decision-making process. Kampe used an expanded version of the Ashby’s
material selection method to assess materials from the lifetime environmental
load perspective. Kampe provided and an example of energy-based material
selection of auto body beams, which its main design function is to support a
uniformly-distributed load, W, along its length without experiencing overload
failure. The derived material selection index for this beam can be expressed as
2

σ 3f

ρ . Then Kampe introduced another selection factor to the problem, total
energy expenditure, Q to assess materials using a combination of several
functionality and mechanical parameters. Kampe extended the classical
Ashby’s material selection methods by multiplying the derived mass by the
energy content per unit mass, q. By doing so, Kampe was able to derive a
material selection index for a strong beam with low embodied energy which
2

σ 3f

can be expressed as ρq. This method could help designers in dealing with
multiple design requirements using a quantitative material selection ranking
process based on the material selection index.
3. Decision-making (DM) and artificial intelligence (AI) methods: multicriteria decision-making methods (e.g., an analytical hierarchy process, quality
function deployment, or material selection numerical ranking methods) have
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been used extensively in recent years to facilitate material selection process by
including multiple goals and multiple constraints in the design problem (see,
for example, [16–18]). On the other hand, AI methods such as neural
networks, fuzzy logic, genetic algorithms, and digital logic also emerged as
new methods to facilitate the material selection processes especially when
exploring large material datasets [19–22]. Both DM and AI methods provide
versatile material selection methods that takes into consideration multiple
objective functions with multiple constrains and provide designers with and
expanded search domain that can include hundreds or thousands of candidate
materials.
Besides the abovementioned DM methods, researchers have also used other
effective DM methods such as TOPSIS, VIKOR, and ELECTRE. The technique for
order preference by similarity to an ideal solution (TOPSIS) method is based on the
logic that the chosen alternative should have the shortest distance from the ideal
solution and the longest distance from the negative-ideal solution [23]. Vise
Kriterijumska Optimizacija Kompromisno Resenje (VIKOR) is very similar to
TOPSIS in the logic sequence but differs in the normalization process. VIKOR uses a
linear normalization where the normalized values do not depend on the evaluation
unit of the criterion, whereas TOPSIS uses vector normalization where the normalized value can change for different evaluation units of a particular criterion [23–24].
The second key difference is the aggregation function in each method, VIKOR uses
a function that factors in only the distance from the ideal value and TOPSIS uses the
ideal and anti-ideal values [23–24]. While authors of these studies discussed the
beauty and limitations of these methods, they concluded their discussion by
emphasizing that there is no technique that can be considered the most powerful for
any given selection process, rather they presented versatile methods that can simplify the calculations and produce a more reliable result when studying a multiobjectives problem. As a matter of fact, it was reported in many articles that several
AI and DM methods could produce different outcomes in ranking a set of alternative materials/decisions, which is partially due to the bias arises when making
assumptions or assigning relative scores for certain material selection criteria; thus
caution should be practiced when adopting any of these AI or DM methods.

3. Sustainability model for auto-bodies
Sustainability is a holistic approach that takes into consideration all environmental, economic and societal factors of the product. It also covers all lifespan
phases from cradle to the grave. In the last few decades, many new terms and
buzzwords start to emerge referring to new aspects in the environmental research.
However, some of these new aspects are not more than an expansion of the sustainability framework to give more emphasis to the economic and societal related
factors. Now, if we want to summarize these research areas, we can definitely place
sustainability in the upper level of the hierarchy as shown in Figure 2. In the second
level we can place economic, environmental and societal aspects of the product. We
can also group other research aspects under each of these major sustainability fields,
for example, design for environment which goes under environmental pillar of the
sustainability also covers other research subareas such as life cycle assessment,
design for recycling and dematerialization. Industrial ecology is part of the environmental aspects of the product, which in turn contains models that cover material
flow through industry (MFI) and industrial energy (IE) analysis. Economic factors
include analysis of the total cost of ownership which covers all cost incurred in the
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Figure 2.
Sustainability model and its branches.

product starting from material extraction and production, through operation and
maintenance and ending with the recycling/reuse/landfilling of the end-of-life
product. Life cycle cost analysis is in essence very similar to the total cost of
ownership model and attempts to cover all cost associated with the product
manufacturing and use. Circular economy is a new term that has gained a wider
acceptance in the last few years because it overlaps economic and environmental
aspects of the product use and recycling. The idea is to conserve resources by
converting all end-of-life products into materials that can be used to make new
products.
Eco-materials selection as another branch of the general sustainability model, is
considered a multi-criteria decision-making process that starts by collecting and
analyzing design requirements and design goals. Then the design engineers establish well-defined and accepted limits for each design requirement and try to classify
materials based on their abilities to meet design requirements and perform the
function the part is designed for. While finding a unique material that satisfies all
design needs is generally difficult, the design team usually tries to compromise
between economic, environmental, and societal factors and find a suboptimal set of
candidate materials that can fulfil most of the design requirements.
Eco-material selection for auto-bodies is a typical material selection process that
usually associated with conflicting objectives on hand, so tradeoffs between these
objectives represent, in most cases, the only possible solution designers can use in
their design process. For example, lightweight materials such as aluminum and
magnesium are known for their ability to reduce energy and emissions in the use
phase, but they are expensive and require much energy in the mining and refining
processes. Plastic-based composites (CFRP, GFRP) look very appealing when it
comes to the density and mass savings, but their manufacturability and cost represent two key challenges that limit their use in the vehicles. These are just two simple
example of conflicting objectives the design team usually encounters in the design
and material selection phase while they try to narrow down the selection to choose
the most practical alternatives.
In this section, we propose a sustainability model for selecting eco-materials for
auto bodies that covers most of the environmental, economic, societal, and technical factors in the design process. This sustainability model (Table 1) takes many
attributes simultaneously and narrow down the selection process to a small group of
materials that can meet as many sustainability factors as possible. While this interim
model is developed to cover almost all sustainability factors, it can be modified
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Environmental

Economic

Societal and safety

Technical/
manufacturability

Resource depletion

Materials cost

Crashworthiness (safety)

Formability

Water pollution

Manufacturing cost

Noise, vibration and
harshness

Jointability

Health and wellness
(externalities)

Paintability

Energy consumptions Operation and
maintenance cost
Greenhouse gas
emissions

End-of-life credit/cost

Durability

Particulate matter
pollutants
Toxic materials
End-of-life and
recyclability

Table 1.
Sustainability model for eco-material selection for auto bodies.

when needed to include other factors not discussed here. The model focuses on
selecting materials that minimize vehicle weight, but it also ensures any material
selection conforms to the sustainability holistic approach.
The material selection process should adhere to the sustainability requirements
shown above for the selected materials to be considered sustainable. The importance of these factors in the model can be described as follows:
Resource depletion: represents the scarcity of certain materials and how much
we consume annually in vehicle production and in the other end uses.
Water pollution: environmental impacts and contaminations into water during
material extraction and manufacturing. Chemical or foreign substance that contaminate water could be detrimental to human, plant, or animal health.
Life cycle assessment (LCA): the LCA provides a comprehensive framework to
assess materials or products from material extraction all the way to the end-of-life
where products can be recycled, reused or landfilled depending on the economic
value of the materials/products and environmental regulations in the country where
the products end up. Use phase is the most demanding energy and most contributing phase for GHG emission in the typical LCA for vehicles. Besides the traditional
LCA that focuses on emission analysis, new sub-topics have been introduced
recently to emphasize certain aspects of the life cycle impacts. Examples of these
LCA sub-topic include LCEA (life cycle energy analysis), LCIA (life cycle impact
analysis to quantify environmental and health impacts), LCC (life cycle cost analysis to assess the ownership cost of the vehicle).
End-of-life and recyclability: retired or end-of-life vehicles can be recycled,
reused, or disposed in the landfill. Sending end-of-life vehicles to the landfill means
that we are going to lose invaluable resource for recycled materials and will also
result in environmental issues such as contaminations of surface and ground water
and the loss of the usable land. Recyclability has several metrics (e.g., recycle
fraction (ψ); cost of recycling, energy consumption in relative to the energy consumed in producing virgin materials, etc.).
Economic impact factors: Total cost of ownership method represents a comprehensive costing model that takes into consideration material and manufacturing
costs, operation and maintenance cost, and end-of-life cost. It also accounts for
emissions costs and monetized externalities (health impacts and premature deaths).
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Societal factors: two metrics are used to quantify societal factors. First, safety is
an indirect measure for material properties (i.e., toughness and yield strength).
Second, “health and wellness” is another indirect measure that is governed by:
• Greenhouse gas emissions, particulate matters, and other effluents to the
environment, and their expected adverse effects (e.g., acid rain, global
warming potential, and ozone depletion).
• Noise-vibration-harshness performance (which is controlled by dynamic
stiffness of the BIW structure and damping capacity of joints and material).
Technical factors: this is an extra pillar added to auto-bodies sustainability
model to account for technical requirements to manufacture autobodies using certain hard to manufacture materials, or materials that need special manufacturing
routes beyond what is available in the auto assembly plants. Four sub-categories can
be considered under technical factors: formability (metals vs. plastic composites),
joinability (i.e., weldability and ability to join two different materials using common
joining process: riveting, bolting, and brazing), and paintability (the level of difficulty for painting multi-material bodies, or bodies made from plastic composites).
Durability (technical): This parameter can be classified under either environmental or technical factors. Nonetheless, durability in the sustainability model
overlaps all economic, environmental, and societal factors, thus enhancing the
versatility and effectiveness of the sustainability model.
3.1 Material selection indices and eco-material selection process
In the product development process several design iterations are investigated by
engineers to decide on which material to use and the required manufacturing routes
to make the final product. In this chapter, we discuss eco-material selection
process for the primary panels in the body-in-white (BIW). BIW includes several
hundred parts but contains a few major structural panels that constitute more than
80–90% of the BIW weight [17, 25]. These major panels are shown in Figure 3, and
their key design requirements are summarized in Table 2.

Figure 3.
Body-in-white with closures (courtesy: Ref. [26]).
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No.

Panel name

Main design functions

1

Roof

Dent resistance, NVH†, durability

2

Roof reinforcement

Bending stiffness, NVH, ease of manufacturing

3

Hood (inner)

Bending stiffness, NVH, ease of manufacturing

4

Hood (outer)

Dent resistance, NVH

5

Trunk (inner)

Bending stiffness, NVH, ease of manufacturing

6

Trunk (outer)

Dent resistance, NVH

7

Trunk pan

Strength, NVH, durability

8

Tunnel reinforcement

Strength, NVH, durability

9

Engine cradle

Crashworthiness, temperature performance, NVH, durability

10

Shock towers

Bending stiffness, NVH, durability

11

Splash/fire wall

Temperature performance, NVH, durability

12

Quarter panel

Dent resistance, NVH

13

Front fender

Dent resistance, NVH

14

Door (inner)

Bending stiffness, NVH, ease of manufacturing

15

Door (outer)

Dent resistance, NVH

16

Side members

Bending stiffness, NVH, durability

17

Wheel house

Bending stiffness, NVH, durability

18

A, B pillars

Bending stiffness, NVH, ease of manufacturing, durability

19

Floor pan

Strength, NVH, durability

20

Bumper

Crashworthiness, NVH, durability

†

NVH = noise, vibration and harshness.

Table 2.
BIW major panels and their main design functions [7, 25].

In the proposed material selection strategy, the objective function for each panel
is used to rank the candidate materials based on its closeness to the best candidate,
which is calculated numerically using a set of derived material selection indices
(discussed in the next section). In most cases, the design objective can be expressed
in terms of either maximizing or minimizing a mathematical problem. According to
Ashby [12], materials selection indices and material selection charts are powerful
tools that can be used to map all engineering materials in one chart and then isolate
a subset of materials that meets most of the design objectives. The design problem is
usually developed with more than one objective function, which requires plotting
design requirements on the selection charts and/or using several sequential charts to
screen these materials. In some cases, material selection charts can be designed to
handle two or more selection indices in one plot to emphasize the tradeoffs between
these objectives. The following sections give some examples of the eco-material
selection process for several BIW panels.
3.2 Material selection for bending resistance, lightweight panel
In this section, we will discuss the method of deriving a simple material selection
index using Ashby method. For a flat panel subject to a bending force that has a
length L, width w, and wall thickness t, subjected to a bending force F (Figure 4).
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Figure 4.
Simply supported solid rectangular panel under bending force that is designed to withstand certain load without
failures.

This panel must not fail under pure bending load, with the objective of minimizing the mass of the panel (m). That is the bending stress on the panel should not
exceed its yield stress:
σy >

M � t=2 3F:L
¼
I
w � t2

(1)

I¼

(2)

w � t3
12

where m = mass, w = width, L = length, ρ = density, t = thickness, I = second
moment of area, σy = yield strength.
In this example, assuming that we have an autobody panel with fixed length and
width due to the limitations in the space design, while thickness can be varied to
meet the design requirements.
Rearranging Eq. (1), will give us the following equation as a function of the
panel thickness:
�
�1
3F � L =2
t¼
w:σ y

(3)

Substituting this in the mass equation m = A.L.ρ = w.t.L.ρ, will give us the
following:
1=2

m ¼ ð3F:wÞ ðLÞ
1

3
2

ρ
1

σ y=2

!

¼ K:

ρ
1

σ y=2

!

(4)

3

where K ¼ ð3F:wÞ =2 ðLÞ2 is constant. As mentioned above, the panel thickness
can be varied for the lightweight design. Under this assumption, the mass substitution rate defined in terms of the ratio of the material density and yield strength and
can be expressed mathematically as:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
σ y, ref
mLWM
ρLWM
¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
σ y, LWM ρref
mref

(5)

Where subscript LWM: refers to the lightweight material under consideration,
and subscript ref refers to the reference material. Note that alternative assumptions
regarding how the cross-sectional dimensions are allowed to vary will produce
different results for the substitution rate. Using Eq. (5) and the material yield
strength will give us the mass substitution rates for this unit cell in relative to any
other material used as a reference. For illustration purposes, Dual Phase 280/600
(yield strength 280 MPa, ultimate tensile strength 600 MPa), was selected as the
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Figure 5.
Average, minimum, and maximum mass substitution rates relative to dual phase 280/600 steel (reference
material) (error bar represents min and max).

reference in this example. Figure 5 provides a comparison of the average,
minimum, and maximum substitution rates within each material class. Error bars
represent minimum and maximum within each material class.
3.3 Material selection for stiff, lightweight panel
This example discusses the method for driving a material index for a flat panel,
subject to a compressive load. The performance design criterion is maximum stiffness. Figure 6 shows a schematic of this panel with length L, width w, and wall
thickness t, subjected to a compressive force F.
This panel must not exceed certain stiffness, with the objective of minimizing
the mass of the panel:
S¼

C:E:I
L3

(6)

3

where I ¼ w:t
12
where m = mass, w = width, L = length, ρ = density, t = thickness, I = second
moment of area, E = Young’s modulus of elasticity.
Length and width are assumed to be fixed due to the limitations in the space
design, while thickness is assumed to be free. Rearranging equation 6, will give us
the following:

Figure 6.
Simply supported solid rectangular panel under bending force that is designed not to exceed certain deflection.
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t¼

�

12S:L
C:E:w

�1=3

(7)

Substituting this in the mass equation (m = A.L. ρ = w.t.L.ρ), will give us the
following:
�
�1= � �
12S:w2 3 2 ρ
L
m¼
1
C
E =3

(8)

The component thickness can be varied for the lightweight design. In order to
uniquely determine the substitution rate in terms of material properties, an
assumption of fixed length and width are adopted and only the panel thickness is
allowed to vary. Under this assumption, the mass substitution rate defined in terms
of the ratio of the material density and yield strength:
p
ﬃﬃﬃ
3
Eref
mLWM
ρLWM
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ :
¼p
3
mref
ELWM ρref

(9)

Where subscript LWM: refers to the lightweight material under consideration,
and subscript ref refers to the reference material. Note that alternative assumptions
regarding how the cross-sectional dimensions are allowed to vary will produce
different results for the substitution rate. Using Eq. (9) and the material properties,
the mass substitution rates for this panel can be determined for each of the material
specifications relative to any other specification used as the reference. Again, we
used dual phase 280/600 steel as the reference material for illustration purposes.
Figure 7 shows a comparison of the average, minimum, and maximum substitution
rates within each material class. Error bars represent minimum and maximum
within each material class.

Figure 7.
Average, minimum, and maximum mass substitution rates relative to dual phase 280/600 steel (reference
material) (error bar represents min and max).
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3.4 Eco-material selection for auto-bodies
In this section, we will discuss an example for deriving a material selection index
for a stiff, recyclable, and lightweight panel under bending load. Now let us formulate the design problem using a similar procedure. In this example we have:
Fixed variables: panel, width w and length L are specified.
Objectives: minimize mass, m; and maximize recycle fraction ψ:
Objective function of this problem in this case is a type of the mixed mix-min
function, “minimize mass, m and maximize recycle fraction, ψ (0 ≤ ψ ≤ 100%).”
Now, if we set the objective functions as a minimization problem only, then:
 
 
 
1
1
1
¼ ðA LÞ ðρÞ:
¼ ðw t LÞð ρÞ:
m:
ψ
ψ
ψ

(10)

Constraints: stiffness of the panel, S:
S¼

F
CEI
)S¼ 3
δ
L

(11)

w t3
12

(12)

I¼

where m = mass, w = width, L = length, ρ = density, t = thickness, S = stiffness,
I = second moment of area, E = Young’s modulus.
Variables: material choice, panel thickness “t”or combination of both.
Hence, if we eliminate t and re-arrange the equation, we will get:
m
¼
ψ



12 S w2
C

1=3

L2



ρ

ψ:E1=3



(13)

To maximize this equation, one should choose materials with largest:
M¼

Ψ E1=3
ρ

(14)

Figure 8.
Materials for stiff, lightweight-recyclable panels (e.g., A-, B-, and C-pillars, inner door and inner hood panels).
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So for material 2 to replace material 1, the following equation should be valid:


1=3



Ψ 2 E2 =ðρ Þ
2

M2
 >1:0
¼
1=3
Mref
Ψ ref Eref= ρ
ð ref Þ

(15)

Material selection chart for a stiff, lightweight, and recyclable panel is shown in
Figure 8. The dashed line in this chart separates materials with a ψ/ρ value >0.1128.
These candidate materials such as titanium alloys, aluminum alloys, magnesium
alloys, and some types of mild steel and AHSS are considered suitable to replace
dual phase 280/600 steel in lightweight stiffness panels. While CFRP and GFRP
represent very good candidate materials from the lightweight perspective, their low
recyclability could limit their use when recycling is considered in the design
requirements.
3.5 Example of material selection for recyclable hood (inner panel)
In this section, we will discuss a numerical example for eco-material selection for
lightweight hood (inner panel) (Figure 9). The main design function for this panel
is to withstand certain bending load without failure, so the derived material selec1=3
tion is M ¼ Eρ . However, for ecomaterial selection that combines part’s function1=3

ality and recyclability, the selection index for light stiff panel becomes M ¼ ψ :ρE .
The mass of inner panel in the hood is around 4.35 kg and has an average thickness
of 0.65 mm. We assumed that reference hood panel is made from dual phase steel
(DP steel) with an average yield strength (YS) of 280 MPa and an average ultimate
tensile strength (UTS) of 600 MPa. Figure 8 shows the required thickness based on
the functionality of the hood (inner panel) made out of DP steel as a reference
material and the corresponding thickness of same panel/part made out from other
materials. We also calculated the new thickness for panel made from lightweight
materials using functionality and recyclability of the materials (shaded bars).
From functionality perspective (i.e., stiffness), magnesium and aluminum alloys
can offer more than 50% in weight savings and some types of GFRPs and CFRPs can
save on average 51 and 71%, respectively (Figure 10). Titanium provides modest
weight savings with an average weight reduction of 29% in relative to the dual

Figure 9.
Hood inner panel (source of picture: Ref. [27]).
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Figure 10.
New inner hood panel thickness (a), and mass (b) using eco-material selection index for recyclable stiff panel in
relative to the panel made from dual phase 280/600 steel. Note 1: shaded bars represent the difference in
thickness and mass if the materials are selected based on their stiffness and recyclability. Note 2: percentages
represent calculated mass saving in relative to a hood (inner panel) made from dual phase 280/600.

phase steel. Since our derived material selection indices go beyond classical functionality selection and consider sustainability factors, then we may need to consider
recyclability when we select candidate materials to replace dual phase in the hood
inner panel. Now, if we look back at the thickness and mass saving charts in
Figure 10, we can see slight changes (in the range of 0–2%) in the values for steels,
AHSS, aluminum, magnesium and titanium which have recycle fraction that exceed
90% in most case. CFRP and GFRP are known for their poor recyclability at the end
of the life, so we assumed that recycle fraction is 50% for these composite materials.
Upon incorporating these recycle fractions in the thickness and mass calculations,
we found that these materials start to look less appealing from the “functionality
and recyclability” perspective. That is, their low recyclability divert the selection
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toward more recyclable materials that have the ability to reduce the panel weight
and have good recyclability at the same time.
If we want to rank those materials that can meet functionality and recyclability
requirements, then we can consider other factors such as cost or manufacturability
and add them to the design problem as new constrains. By doing so, we expect
aluminum to have better advantage in terms of manufacturability and cost if compared with magnesium and titanium alloys.

4. Qualitative material selection
As mentioned previously in Section 2, that some sustainability factors are qualitative in nature and can be used in their natural units or can be quantified using
certain transformation methods. For example, corrosion resistance of material is a
qualitative parameter and materials can be classified as having high, medium, or
low corrosion resistance. Similarly, wear resistance can be also expressed qualitatively. An example of these simple scaling systems is shown in Figure 11a which can
be used to rank materials based on their yield strength and resistance to saltwater
(as a result of the salt used to melt the snow on the roads). This chart has five scales
along x-axis: very poor, poor, average, good, and very good, and yield strength
along the y-axis. This type of qualitative charts can help guide design engineers in
selecting loadbearing, corrosion resistance materials. A good example of such
application is floorpan and some other parts in the chassis. Alternatively, engineers
can plot two durability characteristics in a single chart to learn more about relative
performance of the candidate material or group of materials (Figure 11b). Material
selection chart shown in Figure 11b can be used to assess relative performance for
materials that in contact with the hot parts in the engine and can be affected from
saltwater. Examples of such panels include firewall or floorplan parts that are in
contact with the exhaust pipes and subject to contact to the saltwater from the
roads.
On the other hand, the absence of a well-established scientific method to quantify some of the societal factors (i.e., safety and health and wellness) and technical
factors (formability, weldability/joinability and ability to be paint) also shows the
need for design team to have those qualitative charts that help them understand the
relative performance of these materials in the material screening during the early
design phases.
There are some sustainability factors that can be expressed in a mixed quantitative/qualitative way depending on the function of the part and the material properties. For example, safety can be expressed in many ways such as the resistance of the
part to permanent deformation (yield strength) or based on the assessed crashworthiness of the whole vehicle. While yield strength is an intrinsic material property, it
seems that crashworthiness is a mixed design function that factors material properties (yield strength, toughness, etc.) and the part design parameters (e.g., shape and
geometry of the part). The complexity of the sustainability factors in this case does
not mean we cannot derive a sustainability material selection index to facilitate
material selection in the early design stages, rather it should simplify the ecomaterial selection process. In this study, we define safety from a material selection
perspective as the material property that plays a key role in determining crashworthiness if a vehicle is involved in any accident including minor crashes. By doing so,
safety is assumed to have strong relationship with yield strength and the material
toughness. Similarly, health and wellness can be defined as the material characteristics that interfere with human health and quality of the air. A simple function of
health and wellness should include the amount of emissions released to the
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Figure 11.
Example of scaling method for (a) corrosion resistance (in saltwater) for stiff materials, and (b) material
selection chart with combined durability selection criteria for corrosion resistance and maximum service
temperature.

environment from cradle to grave (i.e., in all mining and manufacturing processes
involved in production and use of the vehicle, and ultimately the recycling or
landfilling of the retired parts made from these materials). Thermal performance
here represents a qualitative metric that measures relative performance of certain
materials in a high temperature environment, especially those parts near or in
contact with the engine block where temperatures could easily reach 100°C or more
[28]. While classical sustainability models have three pillars to cover environmental, economic and social factors, we still believe that a good sustainability model for
auto-bodies should also take into consideration extra technical factors (i.e.,
forming, welding and joining, and painting) which describe the manufacturability
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Avg.

Avg.

Avg.

G

P

VG

VG

VG

Dual phase steel 280/600

Mild Steel

AHSS

Aluminum alloys

Magnesium alloys

Titanium alloys

CFRP

GFRP

Avg.

Avg.

VG

VG

VG

VG

VG

VG

Thermal performance

VG

G

Avg.

Avg.

Avg.

VG

VG

VG

Wear resistance

§

VG
P

P

VG

P

P

VG

G

G

Crash-worthiness

P

Avg.

VG

VG

Avg.

Avg.

Avg.

Health and wellness (NVH )

Societal

Table 3.
Scales for some qualitative material selection criteria for several material classes used in making autobodies [17, 25].

Key: very poor (VP), poor (P), average (Avg.), good (G), and very good (VG). Source of data: [25, 29–30].
§
NVH is function of vehicle stiffness and material damping properties.
§§
Crashworthiness is function of yield strength and toughness the material.

Corrosion resistance

Material

Durability
§§

VG

VG

Avg.

Avg.

G

Avg.

G

G

Forming

Technical

G

G

Avg.

Avg.

Avg.

G

VG

VG

Joining

VG

VG

G

G

VG

VG

VG

VG

Painting
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of different materials considered in the complex eco-material selection problems.
Unfortunately, these technical factors have neither well-established material selection indices nor any material selection charts that designers can use for screening
and sorting purposes. For these reasons, we propose using a scale that has five
classes (very poor, poor, average, good, and very good) to evaluate the relative
performance of candidate materials from the manufacturability perspective. The
ratings provided in Table 3 were collected from different sources (e.g., [29–30])
and should be used with caution and only provide guidelines to assist engineer in
the material selection process.

5. Impact of light-weighting on the life cycle assessment of the vehicle
In this section we will study the impact of using lightweight materials on the
greenhouse gas GHG emissions over the vehicle’s lifetime. Table 4 summarizes key
lightweight design parameters including curb weight and percentage weight reduction assuming a steel-intensive body design as the base case in this analysis. We can
say that most lightweight materials including aluminum alloys, magnesium alloys
and carbon fiber reinforced plastics are associated with higher values of GHG
emission in the material extraction and refining. Manufacturing phase accounts for
about 2–4% of the total LCA emissions, so it has low impact on the overall LCA.
End-of-life credits indicate that recyclable materials are more favored from LCA
perspective because they can save energy upon recycling when the vehicle is
retired. Use-phase is the most contributing source of GHG emissions in the vehicle’s
Powertrain

Internal combustion engine

Car type (base)

Mid-size car

Material

Conv. steel

Potential weight saving (%)

1

Estimated curb wt. (lb)2
Estimated Curb wt. (kg)
3

$/kg saved in vehicle weight
Fuel Economy (MPG)

4

Adv. steel

Al

CFRP

0

19%

30%

37%

37%

3370

2729

2359

2123

2123

1528

1238

1070

1024

1024

$

+ $ 0.50

+ $ 5.00

+ $ 6.50

+ $ 10.00

34.40

39.68

43.54

46.42

46.42

GHG Emissions (metric tons of CO2-eq)

5

Pre-manufacturing

4.29

4.29

5.51

13.13

13.13

Manufacturing

1.74

1.74

1.70

1.81

1.81

Use

69.77

60.49

55.12

51.70

51.70

1.18

1.18

3.33

10.00

0

End-of-life

6

Total LCA GHG (metric tons)
Percent Reduction
1

Mg

74.62

65.34

59

56.64

66.64

0

12%

21%

24%

11%

From Ref. [1].
Assuming a steel-intensive vehicle as the base case.
3
Estimates based on values from [1, 5, 8].
4
Using values from U.S. EPA (Ref. [6]) and adjusted for lightweight designs assuming 6% improvement in vehicle’s
fuel economy (mile/gallon) for 10% reduction in the vehicle weight [7–9].
5
Based on values from several sources, see, for example, [1–5, 8–9, 17].
6
Assuming 90% recycle fraction for steels, 95% for aluminum and magnesium and 0% for CFRP.
2

Table 4.
Impacts of lightweight materials on the GHG emissions from the vehicle’s life cycle.
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lifespan. The good news is that the higher emissions of the lightweight materials in
the pre-manufacturing and manufacturing phases will be compensated for in the
use phase. As we can see in Table 4, magnesium and aluminum perform better than
plastic composites from the LCA perspective. When it comes to the cost, advanced
high strength steels are more favored. Unfortunately, CFRP tends to be less favored
from both cost and ease of manufacturing perspectives, thus should be considered
with those facts in mind in the design process.

6. Conclusions
Many solutions have been adopted in the recent decades to reduce the environmental burdens associated with the production and use of passenger vehicles.
Downsizing, design modifications, electrification and lightweight design are among
the most common methods used by automakers. Recently, eco-material selection
was emerged as a supporting methodology for lightweight design. Eco-material
selection process represents a versatile material selection process that combines two
or more of the design parameters in the problem formulation, and thus provides a
better way of dealing with multi-criteria material selection problems. Other material selection methods may focus on environmental impacts associated with the
production, the use phase, or the end-of-life phase. Historically, less emphasis has
been given to economic or societal parameters in the discussion of lightweight
materials and more emphasis was given to the environmental impacts. To get a
balanced approach for eco-material selection, we proposed a holistic design for
sustainability (DFS) model for material selection for the major structural panels in
the auto-body. This holistic model covers all environmental, economic, safety and
societal factors alongside with the technical challenges in manufacturing of the
lightweight materials. Unfortunately, the integration of all sustainability aspects in
the design process tends to complicate material selection process and requires
proper knowledge of relative importance of the design functions and material
selection criteria. Design for sustainability model with the aid of the materials
selection indices and material charts offer good tools that can help designers screen
and rank materials using their relative performance in the early conceptual design
stage.
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Chapter 3

Plantation Forests: A Guarantee of
Sustainable Management of
Abandoned and Marginal
Farmlands
Mudrite Daugaviete, Dagnija Lazdina, Baiba Bambe,
Andis Lazdins, Kristaps Makovskis and Uldis Daugavietis

Abstract
The chapter summarises the research data on cultivating forest crops in abandoned and marginal farmlands (AL). The course of growth and productivity of
different tree species in the local climatic conditions is clarified in a variety of
agricultural soils. The research results show the most appropriate tree species for
short-rotation or special end-use monoculture or mixed plantations, using Scots
pine (Pinus sylvestris L.), Norway spruce (Picea abies (L.) Karst.), silver birch (Betula
pendula Roth.), pedunculate oak (Quercus robur L.), grey alder (Alnus incana (L.)
Moench), alder (Alnus glutinosa (L.) Gaertn.), wild cherry (Cerasus avium (L.)
Moench syn. Prunus avium), aspen (Populus tremula L.), hybrid aspen (Populus
tremula x tremuloides), and small-leaved lime (Tilia cordata Mill.). At the same time,
research results show sustainability of management of plantation forests—positive
impact on soil agrochemical properties, proportionate changes on above-ground
vegetation, and improvement of economic benefits of farmlands.
Keywords: plantation forest, abandoned, marginal farmlands, forest tree species,
soil agrochemical properties, above-ground vegetation, productivity, yield, biomass

1. Introduction
The issue of rational and sustainable management of land has been the focus of
the countries of the world for several centuries, but the term sustainable was coined
in the 1990s of the twentieth century. The term implies that the issue must be
addressed as a set of issues:
• Quality of the surrounding environment.
• Economic sustainability.
• Social viability [1–19].
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Meanwhile, the quality of the surrounding environment is characterised by
the quality of soil, water, and air that forms the basis for ecosystems and
sustainability [1–19].
Scientists and practitioners have unanimously recognised that, as the population
of the planet increases, the demand for wood, wood biomass, and their products is
increasing, and therefore the importance of plantation farms in the meeting of these
needs is considerable [1–19]. Large-scale afforestation projects are developed in
many countries of the world to resolve the economic problems of the national
economy starting from the 1960s of the previous century in European countries:
Germany, France, the UK, Denmark, Poland, Ireland, Spain, Italy, Portugal,
Greece, Sweden, Norway, Finland, etc. [19].
Currently, large afforestation projects are being implemented in the USA,
Canada, countries of South America, African countries, China, Indonesia, New
Zealand, Japan, and countries of Southern Asia [19]. Woody plants were already
planted as one of the main sources of human existence (food, timber, medicinal
plants, etc.), thousands of years ago [15]. One of the first woody plants that was
planted in large areas for food purposes was the olive tree (Olea europaea). Initially,
the plantations occupied large areas in Romania, Greece, and China. About a thousand years ago, the selection of the best specimens of various tree species was
commenced, and plantations for obtaining high-quality timber and other products
were developed. From 1500 onwards, the selection and propagation of the best
specimens of eucalyptus, pine, and other woody plant species were performed in
Western Europe with the purpose of obtaining high-quality plantations. Furthermore, woody plants were used for landscaping purposes, the creation of parks, etc.
The development of teak, balsa, eucalyptus, various species of pine, and other
plantations has been practised in the Southern Hemisphere—Africa, Asia, South
America, Australia, etc., since 1950. Meanwhile, in Europe, extensive afforestation
of unused agricultural land commenced in the 1960s—in Europe: Sweden, Finland,
Denmark, Germany, etc.; in North America: the USA and Canada; and in South
America: Brazil, Chile, etc.
The plantations are subdivided into industrial and protective plantations, plantations of various technical crops, plantations for the improvement of low-yielding
agricultural lands, short-rotation technical biomass production plantations, and
other plantations. The scope of development of these types of plantations is growing
worldwide [2].
In the boreal and semi-boreal forest zone, as well as in the countries of the
northern part of Europe—Norway, Finland, Sweden, the Baltic states—the main
coniferous tree species planted in the forest plantations are those of the pine
(Pinaceae) family, pines (Pinus spp.: Pinus sylvestris, Pinus murrayana, Pinus contorta
a.o.), spruce (Picea spp.: Picea abies, Picea sitchensis a.o.), and larches (Larix spp.:
Larix decidua, Larix sibirica, Larix x eurolepis a.o.); as the main deciduous tree
species we can mention birch family (Betulaceae) species: birches (Betula pendula,
B. pubescens), alders (Alnus glutinosa, Alnus incana a.o.), hybrid aspens and poplars
(Populus tremula x P. tremuloides, Populus x canadensis a.o.), and osier varieties
(Salix spp.) a.o. [1, 5, 7–12, 14, 18, 20–23]. Scientists conclude that when selecting
areas for plantation establishment, not only the choices of the location, soil type,
hydrological regime, and microclimate must be taken into consideration, but also,
depending on those characteristics, the plantation establishment technology, one or
several tree species, management regime, and potential future products must be
determined. Depending on the type of plantation, short rotation for obtaining
biomass and roundwood plantations for obtaining pulpwood, and veneer log and
sawlog productions, appropriate tree species must be selected and density
established (500–5000 trees/ha or 10,000–25,000; species of ligneous plants—Salix
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species, willow species, viburnums, and elders [1, 7–12, 14, 18, 20–34]). Experience
with afforestation demonstrates that throughout the Nordic region of the EU, there
has been an increased emphasis on the use of native species—Scots pine, Norway
spruce, and silver birch [1, 2, 5, 8, 10, 11, 17, 27, 30, 31]. The scientists and
practitioners came to the conclusion—in Northern Europe, silver birch and Norway
spruce are commercially the most important tree species for plantation forestry
[2, 11, 14, 20–34].
Energy wood plantations intended for the production of wood biomass, which
are also serving as reducers of large amounts of atmospheric carbon dioxide (CO2)
and reduce the salinity of soils by enabling the use of sewage water sludge for the
increase in wood biomass, have been becoming increasingly important over recent
decades [2, 35, 36].
Today, more than 287 million hectares worldwide are occupied by plantation
forests, which ensure 1/3 of forest industry production, which mainly produces
timber for the needs of construction and the paper industry [2, 6]. According to the
data of the FAO, the areas of plantation forests have increased by about 5 million
hectares per year [19]. The management of plantation forests contributes to the
conservation of natural forests, where the harvesting of timber has significantly
decreased taking into account the productivity of plantation forests, [2, 5, 14, 16].
According to the data of the FAO, timber produced by plantation-type stands
ensures approximately 15% of the worldwide demand for timber [19].
The first record of the establishment of forests in low-fertility agricultural land
in the territory of Latvia dates back to the nineteenth century, but the extensive
afforestation of low-value and unused agricultural land started in the 1920–1930s
of the twentieth century, i.e. after the declaration of the independence of Latvia
[37]. To promote the economic growth of the country, particular attention was
paid to the development of forestry as a very important sector of the economy,
especially to the increase in forest areas [38, 39]. However, experts of forestry
admitted that significant mistakes were made while planting trees in agricultural
fields, primarily soil types that were inappropriate for tree species were selected
[38, 39]. First of all, it refers to pine, which was extensively planted in any type
of soil. Examples include plantations of pine in former agricultural lands of
middle regions of Latvia, resulting in the loss of 39% of the plantations by the
late nineteenth century, meanwhile during the 1910–1920s of the twentieth
century, approximately 80% of pine plantations in former agricultural lands
were lost [38].
The second tree species that was most commonly used in the afforestation of
agricultural land was oak, as well as, slightly later, Norway spruce. Both common
oak and red oak (Quercus rubra) were used. Extensive plantations of oak were
developed in the entire territory of Latvia. Some of these plantations have survived
to date, and now they have reached the age of 90–110 and more years.
The main measures for the increase of forest areas in Latvia from the eighteenth
century to the first half of the twentieth century were as follows:
• Reinforcement and afforestation of dunes.
• Afforestation of low-value agricultural soils, mainly with common pine, less—
Norway spruce (Picea abies). The most commonly used deciduous tree was oak
(Quercus robur). Later on, the planting or preservation of naturally afforested
areas with the stands of deciduous species—birch (Betula pendula) and
common ash (Fraxinus excelsior)—was permitted.
• Development of plant nurseries for the growing of plantlets.
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• Improvement of planting methods [38, 39]. One of the recommended methods
was sowing of tree seeds together with cereal crops or in beds, by sowing 40 kg
of seeds per 1 ha, and then rolling the field, because the cereal crop protects the
young birch trees from excessive sunlight [43]; the other method involved the
use of turf plantlets—young forest trees that were removed with a ball of soil
[39, 43]; cylindrical shovels were used for this method. Usually, 3–4-year-old
forest plantlets or plants were chosen [43].
If in 1923 the forest area of Latvia amounted to 1472 thousand ha (forest covered
area—22.8%), then already in 2018, the area of forests increased to 3383 thousand
ha (forest covered area—52%) (Figure 1) [1, 40–42].
In Latvia the issue about rational land utilisation once again became topical in
the mid-1990s of the twentieth century when, following the agrarian reform, 36.6%
of agricultural lands (AL) and 42% of forest land ended up in the possession of
private owners1. From 2000 to 2017, the area of AL afforested with improved
planting material already constituted 61,693 ha, including 18,018 ha of plantation
forests (29.4% of afforested areas), of which 18,000 ha have been reported as
plantations (Figure 2) [41]. During the same period, 233,000 ha of uncultivated
agricultural land have been naturally afforested [42].
In the time period from 1993 to 2013, the ratio of tree species in naturally
afforested areas and plantation-type cultivated stands reached 233,000 ha, of which
birch was registered in 91,000 ha, white alder 47,000 ha, pine forest 25,000 ha,
aspen 14,000 ha, spruce 13,000 ha, black alder 11,000 ha, and other species
(oak, ash, walnut, elk, maple, linden, grasshoppers, willow) 32,000 ha
(Figure 3) [25, 42].
In Latvia, substantial research about the growth and management of Scots pine,
Norway spruce, silver birch, aspen, hybrid aspen, ash, and European larch stands in
AL was performed by forest scientists after the Second World War [43–45]. In the
1960s the growth of silver birch plantations on former AL shows that the plantations in these areas reach the site index of I–Ia and that in the 1950s their standing
volume was up to 439 m3 ha1 [44]. Extensive research on Scots pine and Norway
spruce growth on former AL between the 1950s and 1970s of the twentieth
century has been performed by Latvian scientists [43–45]. Plantations on former AL

Figure 1.
Forest area dynamics in Latvia 1923–2018 (thousand ha) [1, 40, 41].
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Figure 2.
Afforested abandoned farmland in Latvia during the period 2000–2017 (ha).

Figure 3.
Area on a per-species basis for natural and planted tree stands in abandoned farmlands, 1993–2013
(thous. Ha) [25, 41].

show a high site index class: Norway spruce plantations Ia–Ic and Scots pine
plantations—Ia site index. Since 1995 research has been carried out on the growth of
plantation forests on former AL, assessing the growth of various tree species and
stem quality in current and former year plantations [1, 21, 27, 28, 31, 33]. It has been
concluded in this research that in age class I (0–20 years) stands on former AL show
higher growth indices (mean height, mean diameter, volume current annual
increment), but in the following age classes, the growth evens out. The research
continues, as the processes in the environment and the plantation establishment
technologies have changed significantly.
In the last decade in Latvia, due to both climatic changes and rational land
management guidelines, scientists are carrying out in-depth research about the
development and productivity of plantations and plantation forests on afforested
AL, improvement of the volume and quality of the grown planting material, as well
as the assessment of these stands. The introduction of regulations on “long term
plantings” that allow for the possibility of establishing tree plantations on AL, the
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maximum growth period of which is up to 15 years, without transforming the
land into forest land also increase interest of fast growing tree cultivation [1].
Statistics show that research on the cultivation of different tree species in
plantation-type stands is required, since only 29% of plantation-type stands have
been reported.
The aim of the research is (1) to explain the growth and productivity of
plantation-type stands of the most widespread tree species—Scots pine, Norway
spruce, silver birch, alder, grey alder, aspen, hybrid aspen, small-leaved lime,
pedunculate oak, and wild cherry—in various AL soils, (2) changes in soil agrochemical properties, and (3) changes in above-ground vegetation and (4) assess the
economic effectiveness of these plantations.

2. Material and methods
The research material has been gathered at 21 established experimental plantations and 150 sample plots in plantations of AL on different soil types: typical sodcalcareous soil (TSC), sod-podzolic gley soil (SPG), gleyic sod-calcareous soil
(GSC), sod-podzolic soil (SP), typical podzol (TP), alluvial sod-gley soil (ASG),
leached sod-calcareous soil (LSC), base unsaturated brown soil (BUB), strongly
altered by cultivation soil (CAS), and humi-podzolic gleyic spoil (HPG) (Table 1;
Figure 4).
Pure or mixed species plantations of different stocking density were established
using the following tree species: Scots pine (Pinus sylvestris L.), Norway spruce
(Picea abies L. Karst.), silver birch (Betula pendula Roth.), alder (Alnus glutinosa L.
Gaertn.), grey alder (Alnus incana L. Moench.), pedunculate oak (Quercus robur L.),
small-leaved lime (Tilia cordata L.) and European syn. Sweet cherry (Cerasus avium
(L.) Moench syn. Prunus avium L.), aspen (Populus tremula L.), and hybrid aspen
(Populus tremula x tremuloides Michx.) (Table 1).
In each plantation four circular sample plots (500 m2, R = 12.62 m) were set up,
choosing their location randomly. The following actions were performed on each
sample plot:
• Measuring the DBH of all trees (accuracy 0.1 cm) and determining the Kraft
class.
• Measuring tree height with Vertex III for 15 trees (5 trees in each diameter
class: small, average, and large), (accuracy 0.2 cm).
• Determining the number of decaying and dead trees.
• Extracting core samples at chest height from 15 trees to determine the exact
tree age and annual ring width; core samples were analysed with WinDendro
2007 software.
In each plantation, tree growth and productivity monitoring has been
conducted, determining the following parameters: tree height (H), m; tree diameter
at breast height (D), cm. Measurements repeated every 1–5 years. The first 5 years
after the establishment of plantation measurements are repeated each year. The
total monitoring period was 15 years. In each sample plot, the standing volume has
been calculated [46] and the volume of mean tree, standing volume current annual
increment, biomass of each tree component (stem, branches, leaves), and freshly
cut biomass were calculated per unit area.
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Site location:
municipality/
parish

Site
location

Soil
type

Year of
establishment/
thinning

Tree species, kind of plantation

1

Priekule/
Ozolbunci (Priek/
Ozolb)

56°230 29″
21°400 35″

TSC

1997/�

Pedunculate oak: 1100–10,000 trees
ha�1
Wild cherry: 2000 tree ha�1

2

Grobina/
Berzpurvi (Grob/
Berz)

56°300 43″
21°070 11″

TP

1997/�

Silver birch, Scots pine, Norway
spruce: 3300 trees ha�1

3

Kuldiga/Rumnieki
(Kuld/Rumn)

57°030 03″
21°460 05″

SP

1997/�

Silver birch, different spacing:
1100–10,000 trees ha�1
Pedunculate oak: 1,6oo trees ha�1
European cherry: 3300 trees ha�1

4

Kandava/Aizlolas
(Kand/Aizl)

57°550 11″
22°420 30″

GSC

1997/�

Scots pine, Norway spruce, Silver
birch: 3300 tree ha�1
Pedunculate oak: 1100 trees ha�1

5

Dobele/Mezansi
(Dob/Mez)

56°15.4650
25°25.4700

SP

1997/�

Norway spruce, Silver birch, Alder:
3300 trees ha�1

6

Iecava/Skujenieki
(Iec/Skuj)

1997/�

Monoculture: Scots pine, Norway
spruce, Silver birch—3300 trees
ha�1

7

Viesīte/Palsani
(Vies/Pals)

56°150 28″
25°250 23″

BUB

1997/thinning of
birch plantation at
the age of 15 years

Monoculture: Silver birch, Norway
Spruce—3300 trees ha�1
Pedunculate oak: 2000 trees ha�1

8

Amata/Laubites
(Amat/Laub)

57°000 15″
25°120 16″

TP

1997/�

Monoculture: Norway spruce, Silver
birch—3300 trees ha�1

9

Koceni/Zarini
(Koc/Zar)

57°390 17″
25°030 22″

LSC

1997/�

Monoculture: Silver birch, Alder
—3300 trees ha�1

10

Madona/Birzes
(Mad/Birz)

56°540 55″
25°570 16″

SPG

1997/ thinning of
pine plantation at
the age of 9 years

Silver birch, different spacing
—1100–10,000 trees ha�1
Monoculture: Scots pine, Norway
spruce—3300 trees ha�1

11

Gulbene/Sopuli
(Gulb/Sop)

57°090 25″
26°580 33″

ASG

1997/�

Pedunculate oak: different spacing
—1100–10,000 trees ha�1
Monoculture: Silver birch, Aspen
—3300 trees ha�1

12

Rezekne/Bitites
(Rez/Bit)

56°14.7680
27°17.2770

SPG

1997/�

Silver birch, different spacing
—1100–10,000 trees ha�1
Monoculture: Scots pine, Norway
spruce—3300 trees ha�1

13

Iecava/Gaili
(Iedc/Gail)

56°34.1920
24°
08.8630

CAS

1994–1995/
thinning of spruce
plantation at the
age of 14 years

Different spacing, Norway spruce
—2000–3300 trees ha�1
Silver birch—2000 trees ha�1
Pedunculate oak—1600 trees ha�1

14

Ozolnieki/Medni
(Ozol/Med)

56°36.0050 SPG
24°04.2120

1993–1995/�

Silver birch, different spacing:
1600–3300 trees ha�1,
Monoculture: Scots pine, Norway
spruce—2000–4000 trees ha�1

15

Kandava/Viesturi
(Kand/Viest)

57°030 11″
22°440 21″

SPG

2000/�

Scots pine, Norway spruce, Silver
birch—2000 trees ha�1

16

Talsi/Zeltini
(Kand/Zelt)

57°080 50″
22°540 31″

SPG

2003/�

Wild cherry—1000 trees ha�1

17

Kuldiga/Berzi
(Kuld/Berz)

56°
590 49.474″

SP

1997/�

Wild cherry—10,000 trees ha�1;
2000 trees ha�1

No.
of
trial

49

56°32.6050 ASG
24°19.4140

Energy Efficiency and Sustainable Lighting - A Bet for the Future

No.
of
trial

Site location:
municipality/
parish

Site
location

Soil
type

Year of
establishment/
thinning

Tree species, kind of plantation

21°
410 13.965″
18

Krustpils/Paki
(Krust/Pak)

56°350 12″
26°100 04″

SPG

1993–1997/�

Monoculture: Norway spruce Silver
birch—2000 trees ha�1, Smallleaved lime—1100 trees ha�1

19

Bauska/Ziedini
(Bausk/Zied)

56°230 01″
24°100 48″

SP

2009/�

Wild cherry, clone ‘Trust’, Denmark
—1100 trees ha�1

20

Malpils/
Dizavotini (Malp/
Diz)

57°01.998
24°54.538

SP

1995/�

Monoculture: Silver birch—2000
trees ha�1

21

Dobele/Ezernieki
(Dob/Ezer)

57°
350 34.85″
23°150
21.27″

GSC

2011/�

Monoculture:
Wild cherry, Sweden clone—2000
trees ha�1

Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies (L.) Karst.), European larch (Larix decidua Mill.),
silver birch (Betula pendula Roth.), aspen (Populus tremula L.), alder (Alnus glutinosa L.), grey alder (Alnus
incana (L.) Moench), pedunculate oak (Quercus robur L.), small-leaved lime (Tilia cordata L.), wild cherry
(Cerasus avium Moench (L.) syn., Prunus avium L.).
TSC—typical sod-calcareous soil, GSC—for gleyic sod-calcareous soil, BUB—base unsaturated brown soil, SP—sodpodzolic soil, TP—typical podzol, SPG—sod-podzolic gley soil, HPG—humi-podzolic gleyic soil, ASG—alluvial sodgley soil, and CAS—strongly altered by cultivation soil.

Table 1.
Characteristics of experimental plots.

Figure 4.
Locations of experimental plantations.

Individual tree stem volume has been calculated with the formula [46]:
v ¼ ψLα DβlgLþφ
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where v is stem volume with bark, m3; L is stem length, m; D is stem breast
height diameter with bark, cm; and ψ, α, and β are coefficients dependent on tree
species [46].
Using the sample tree data, the stand volume current annual increment has been
calculated with the formula [46]:
ZM



2Z D ðH � 2Z H þ 4Þ
¼ kG
þ ZH
10D þ Z D

(2)

where ZM is the current actual stand volume increment, m3 ha�1; H is the
average stand height, m; G is the stand basal area, m2 ha�1; k is the empirical ratio;
D is the mean breast height diameter of the stand, cm; ZD is the current increment
of D of the stand, mm; and ZH is current increment of the stand height, m.
To determine the volume of the above-ground biomass produced by various tree
species, three sample trees were cut down in each plantation at the root collar—one
Kraft class I and two Kraft class II. After felling the tree height has been measured
using a tape measure (with precision to 1 cm), and the stem is pruned and cut into
metre-long sections. The sample tree weight is determined on site by weighing
separately: stem wood, dry branches, and live branches.
Wood samples of each tree were collected for drying in the laboratory—dry
branch, three live branches (from different sections of the crown), and three discs
(from various sections of the stem).
According to the latest data of the prices of pulpwood (EUR per m3) and wood
waste (EUR/loose m3), the gross income of a 15-year-old Scots pine, Norway
spruce, and silver birch plantations is calculated.
Soil properties in the sample plots were examined every 3–5 years taking soil
samples at the specified locations. The samples were taken in the active tree root
zone at a depth of 0–40 cm (0–10, 10–20, 20–30, 30–40 cm) in five replications in
each sample plot with one averaged sample made for each soil horizon. In this
study, variations in the soil humus content and acidity in the active root zone of
trees (0–40 cm) were analysed before planting, and analyses were repeated at
specified intervals till the age of 15 years. Soil analyses were performed in the
laboratory of the Latvian Environment, Geology and Meteorology Centre following
international standards (organic substance content in dry matter, LVS EN
13039:2003; pH (KCl), LVS ISO 10390:2002) [47].
On the afforested sites, vegetation was inventoried before forest establishment
and then after each 3 years in order to study the changes in ground-cover vegetation
of the agricultural ecosystems (meadow, fallow land) gradually turning into forest.
During the first inventory, a total of 10 sample plots (1 � 1 m each) were described
throughout the whole territory of plantation. In the inventories carried out after
each 3 years, three 1 � 1 m sample plots were established in each tree plantation,
and the total number of survey plots is 219. A full list of flora species was compiled
for each site, including the species found next to the survey plot. Vegetation data
was stored using TURBOVEG software [1, 48]. The projective cover of each plant
species in the tree, shrub, and herbaceous and bryophyte layer was assessed as a
percentage of the respective species, using the Braun-Blanquet method [49].
The mean indicator values were calculated for each plot from all present vascular
plant species, from which an indicator value was calculated according to Ellenberg
et al. [50].
Data validation and mathematical calculations were performed with Microsoft
Excel 2016. Summary statistics for D, H, and basal area were calculated using SPSS
software [51]. The formulas of (1) and (2) were used to calculate the stem volume
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for different tree species [46]. One-way analysis of variance (ANOVA) and a t-test
were used in the statistical analysis (p < 0.05). The mean values in the tables are
presented together with the standard deviation (SD).

3. Changes in agrochemical properties of soil
Changing the type of land use causes changes in the ecosystem, as a result of the
changes in biotic factors (the impact of microorganisms on other organisms of the
biological community), as well as changes in abiotic factors (temperature, light,
humidity, soil, acidity of the soil, amount of salts, amount of minerals, etc.).
As we know, the most important parameters of growth conditions are determined by the interaction of several factors—physical, chemical, and biological soil
properties—as well as climate, which ensure soil fertility. The analysis of Holubik
et al. reviewing 43 afforestation studies found the key factors to be (in the order of
importance) (i) previous land use, (ii) climate, and (iii) the type of forest [52]. The
research indicates that basic properties of the soil are comparatively stable; they
have developed over a long period of soil formation processes under the influence of
climate, terrain, geological substratum, flora, and fauna and are characterised by
their granulometric composition, ion exchange capacity, depth of geological substratum, and drainage. Human economic activity has a minor effect on this or no
effect at all [53, 54]. However, a series of soil characteristics exist that can change
significantly over a short period of time: content of soil organic matter, soil structure, bulk density, water infiltration capacity, reaction, plant nutrient resources,
etc. Changes in these characteristics are mainly determined by human economic
activity: type of land use, soil tillage technology, and cultivated crops or trees.
According to the assessment of scientists, organic matter in soil is one of the main
indicators of soil quality and productivity [53–59]. The accumulation of organic
carbon in the soil occurs in forest and grassland ecosystems. European forests
annually capture an average of 124 g (m2)1 C, 70% of which is accumulated in tree
biomass of trees and 30% in the topsoil and soil. Furthermore, the biomass of the
forest ecosystem accumulates more carbon than crops grown on agricultural land,
thus reducing the concentration of carbon dioxide in the atmosphere and improving
the global environment.
Studies conducted by the Latvian State Forest Research Institute (LSFRI) Silava
indicate that the concentration of nutrients in soil, as well as physical properties of
soil, have great importance in ensuring the optimum growth of new stands of
different tree species in mineral soils of former agricultural lands [1]. The research
of the researchers of Latvia University of Life Sciences and Technologies A. Kārkliņš
and I. Līpenīte also bears evidence that after afforestation of former agricultural
lands, the physical and chemical properties of the soil have changed: the bulk
density of topsoil has decreased, and its total porosity and relative water retention
potential has increased [54, 55]. Trials suggest that it is advisable to choose naturally
dry mineral soils or soils with a controlled moisture regime to create productive
plantations.
According to the studies of LSFRI Silava, aeration, temperature, and humidity
regime deteriorate significantly in compacted soils [56, 57]. The scientists have
concluded that the optimal soil density for the development of trees, especially at an
early stage, is 1.25–1.35 g (cm3)1 [56, 57]. In dense, heavy soils (exceeding 1.80 g
(cm3)1), the introduction and development of any tree species are difficult without additional soil tillage (continuous ploughing, deep digging, soil structure
improvement, etc.). However, as the trees grow, the ability of their roots to penetrate into the denser layers of bedrock increases, and, already at the age of a
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maturing stand (at the age of around 30–40 years), productive plantations can be
grown in heavy clay soils [56, 57]. An important parameter for ensuring the successful growth of trees is soil pH, which does not always conform to the optimum.
Scientists have found that mildly acidic soils (pH 5.5–6.5) are the most suitable for
normal tree development, except for pines growing on acidic soils (pH 4.5–5), but
tree species like sweet cherry, oak, ash, etc. are the most productive growers in
neutral and even alkaline soils (pH 6.5–7.5 and above) [56–60]. An important
condition to ensure optimal tree growth is the selection of a suitable site with
appropriate hydrological conditions for planting to ensure that the groundwater
table in spring and autumn does not rise above the average depth of 30 cm from the
ground surface [61, 62]. Coniferous, as well as many deciduous, species, such as
silver birch, oak, and sweet cherry can tolerate flooding of active roots for a period
that is no longer than 5 days; after this period, growth disorders may develop. In
contrast, tree species like black alder and downy birch are more suitable for wet
areas and can withstand 7–9 days of root flooding, even though the largest growth
in these species is registered in medium wet loam and sandy loam soils [61, 62].
The optimal soil temperature, which regulates the processes of uptake of available minerals by the plants, as well as the activity of microorganisms, and fluctuates
at an average of 15–20°C in our climatic conditions, ensuring the optimum mode of
woody plant nutrition provided that the amount of soil moisture is sufficient, is also
important for successful tree growth [63]. Soil temperature is largely determined by
the mass of herbaceous vegetation: soil temperature in dense and thick grass will be
3–5°C lower than in an open area [63]. Therefore, soil preparation and further
plantation care are required to ensure the introduction of trees and faster initial
growth. Agrochemical soil properties are equally important prerequisites for the
successful cultivation of trees: content of organic substance, amount of minerals
(phosphorus, potassium, nitrogen, calcium), and trace elements (magnesium,
manganese, boron, iron, copper, sulphur, zinc, etc.) in the soil water solution. Since
the leaves of deciduous trees are decomposed quickly, the stands of these trees are
predominantly characterised by accumulative processes of soil formation: the buildup of humus results in a content of organic matter in the upper horizons of soil that
exceeds 10%, and the amount of potassium and calcium is sufficient, while a
deficiency of nitrogen and phosphorus may occur, especially in heavy clay soils, as
well as alkaline soils [1, 60, 64, 65]. As scientists report, afforestation of agricultural
land leads to considerable changes in processes that occur in the soil, including the
circulation of plant nutrients: depending on the species of trees cultivated, biomass
that is accumulated in the soil differs in terms of quantity and chemical composition. The rate of soil mineralisation, which is affected by the C and N ratio, as well
as the presence of lignin and other secondary carbon compounds, determines the
circulation and supply of nitrogen and other plant nutrients in the soil [56–60, 64, 65].
According to the studies of Sanborn[62], soil acidity pH and total N, available
to plants P, Ca, Mg and K, have considerably increased 23 years after the afforestation of agricultural land, where mixed stand of paper birch (Betula papyrifera
Marsh.) and Rocky Mountain lodgepole pine (Pinus contorta var. latifolia Dougl. ex
Loud.) were developed, while the C:N ratio has decreased, as it is in forest soils [65].
The trials on changes in soil properties after the afforestation of agricultural lands
conducted in Latvia have indicated that the physical and agrochemical properties of
soil have changed—the bulk density of topsoil has decreased, and its total porosity
and relative water retention potential have increased [55–59]. After 15 years of
accumulation of the humus in the soil horizon caused by afforestation, the acidification of soil and an increase in the content of organic matter have occurred in
comparison with arable soil, while the proportion of total nitrogen in organic matter
has decreased, and the amount of phosphorus and potassium in the soil under the
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pine stands that is available to plants has been higher than in the nearby nonafforested agricultural land [55–59].
To explain the changes in the agrochemical properties of soil under the influence
of afforestation, the monitoring of soil agrochemical properties was performed in
different soil types of the afforested areas: TSC, GSC, SPG, CAS, SP, TP, ASG, LSC,
and BUB. Soil agrochemical properties (N, P, K changes) were evaluated prior
to the establishment of tree plantations and then in year 4 and year 15 after
the establishment of plantations [1]. In all objects, the plantations were set
up in uncultivated agricultural land—fallow land that has not been cultivated for
1–3 years, with the dominant species being creeping thistle and couch grass.
Variation in the proportion of soil organic matter and acidity in the active root
zone at a depth from 0 to 40 cm over a period of 15 years since the establishment of
the plantation forest on the respective site were chosen as the indicators to evaluate
the impact of afforestation on soil agrochemical properties. The amount of soil
humus has changed on sites with a high volume of above-ground vegetation biomass, both trees and ground-cover vegetation (trial plots 1–12, 14, and 16). No
significant changes in soil humus content are recorded for sites with a relatively
small volume of above-ground biomass (trial plots 3, 10, 11, 12, and 16) (Table 2).
Similar results are also quoted by researchers of other countries [52, 64, 65]. As
concluded in a number of studies, forest floor humus on the soil surface is
completely new [65].
The field data show that 15 years after the establishment of plantation forest on
farmlands, the soil tends to become more acidic. On sites, where trees were planted
on arable land right after harvesting the previous crops, the soil acidity in most
cases was close to neutral (trial plots 2, 4, 6, 10, 16) and in the 15 years had reduced
by 1.15 units on the pH scale on average (Table 2).
Investigations show that 15 years after afforestation, the content of organic
matter in active root layer (0–40 cm) increases by 22.5% average in all experimental
trials (Table 2, Figure 5).
No. of trial

Soil
type
[52]

Humus content, %

PHKCl

Before
establishment

After 15 years of
establishment

Before
establishment

After 15 years of
establishment

1 Priek/Ozolb

TSP

1.4

4.56

5.92

5.19

2 Grob/Berz

TP

2.42

3.82

6.52

6.48

3 Kuld/Rumn

SPG

3.06

2.68

6.17

5.41

4 Kand/Aizl

GSC

2.13

4.01

6.60

5.75

5 Dob/Mez

SP

2.62

3.54

5.27

5.70

6 Iec/Skuj

ASG

2.19

2.53

6.7

5.20

7 Vies/Pals

BUB

3.22

3.45

5.15

4.26

9 Koc/Zar

LSC

3.86

3.95

5.45

5.30

10 Mad/Birz

SPG

3.24

2.40

7.02

5.61

11 Gulb/Sop

ASG

2.95

3.07

6.00

5.72

12 Rez/Bit

SPG

3.05

2.46

6.3

4.21

14 Ozoln/Med

SPG

2.71

3.78

5.55

5.08

16 Tals/Zelt

SPG

3.86

3.2

6.9

5.70

Table 2.
Changes in soil chemical properties in the active root layer (0–40 cm) in the 15-year plantations.
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Figure 5.
Dynamic changes in humus content after afforestation in different soil types: Average indicator for all tree
species (%).

4. Changes in above-ground vegetation
In all afforested objects, 247 species of vascular plants, 32 species of moss, and
1 species of lichens were listed during the latest inventories. The following trends of
changes in ground cover have been observed: the occurrence of grassland and
fallow land grass species has decreased, while at some sites, the introduction of up
to 20 new ground-cover species has been observed. In fertile soils, meadow species
have been replaced by eurybiont nitrophytes Anthriscus sylvestris, Artemisia vulgaris,
and Urtica dioica. However, grassland specific grasses have still been present at
almost all research sites: Agrostis gigantea, A. tenuis, Deschampsia cespitosa, Festuca
rubra, and Phleum pratense, as well as other meadow and set-aside fallow land
plants: Campanula patula, Galium album, Leucanthemum vulgare, and Taraxacum
officinale. Mosses have disappeared—species colonising bare soils Barbula
unguiculata, Pleuridium subulatum, and Pohlia wahlenbergii. The flora of mosses is
still most widely represented by species that are common in forests, as well as
grasslands, Sciuro-hypnum curtum, Plagiomnium affine, and P. undulatum, but the
cover of mosses under the thick layer of herbaceous plants is usually negligible.
Introduction of typical boreal coniferous forest cover species Pleurozium schreberi
and Hylocomium splendens occurs faster at the objects where dry and low-fertility
fallow lands have been afforested, while dwarf shrubs Vaccinium myrtillus and V.
vitis-idaea that are typical for coniferous forests have not been detected at any
object to date.
Herbaceous vegetation has changed as a result of afforestation at all objects: the
replacement of original ground cover of grassland and fallow land species with
forest-specific plants has begun. Most species belong to native flora; however,
certain garden escaping plants and adventive species have been registered: Lupinus
polyphyllus, Oxalis stricta, Sambucus racemosa, Solidago canadensis, Symphytum
asperum, and Heracleum sosnowskyi. Among the aforementioned species, only
Lupinus polyphyllus plays a significant role in the phytocoenosis of some objects.
Some indicator species of natural grasslands can still be found: Agrimonia eupatoria,
Linum catharticum, Pimpinella saxifraga, Polygala vulgaris, and Primula veris.
Rare and protected species are represented by individual orchid specimens—
Dactylorhiza sp. and Platanthera sp. [1, 17, 66].
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5. Growth and development of Scots pine (Pinus sylvestris L.)
plantations in agricultural land
By assessing the growth of Scots pine plantations in four different soil types (TP,
SPG, GSC, ASG), we conclude that the growth of pine in farmlands differs from
that in forestlands. So, the diameter of the mean tree of 15-year plantation pine is
comparable to that of 25–28-year forest pine of site index I, with the mean height
corresponding to that of 16–18-year forest pine of site index I (Table 3) [67].
The stock volume of well-growing plantation pine may by the age of 15 be as
high as 80–155 m3 ha1 and by 22 years reach even 243 m3 ha1. Pine plantations
produce the highest stock volume in podzol, cultivated, and soddy-podzolic soils,
where the stock volume for 15–16-year pine is 112–155 m3 ha1, with the current
volume growth of 5–8 m3 ha1 per year (Table 3).
When evaluating the growth of above-ground biomass of plantation pines by
analysing sample trees, the biomass weight for a single tree is found to be on
average 136.6–190.15 kg (100%), of which stem biomass is 69.8–148.5 kg (51.1–
78.1%) and crown biomass (branchwood and foliage) 66.8–41.7 kg (48.9–21.9%).
To gain an appreciable stock volume of plantation pine already by the age of 40,
purposeful and properly timed tending, including the pruning of future crop trees,
should be started no later than at the age of 14–15 (Table 4).
It is to be noted that in fertile agricultural soils (cultivated, alluvial, calcareous),
the plantation pines develop twin stems and thick branches that adversely affect
the potential height and diameter growth and, consequently, the mean stem
volume, quality, and the stock volume anticipated. When tending pine in similar
growing conditions, the emphasis should be on removing all low-quality stems
or using the plantation for short-rotation (15–20 years) cultivation of pinewood
biomass.
To get high-quality sawlogs from pine plantations, branches of the lowest whorl
should be pruned no later than at the age of 5–7 years, followed by removing in each
ensuing year the branches of the next whorl. After the first pruning, the length of
the remaining crown should be 2/3 of the tree height, reducing in each subsequent
pruning the crown length to ½ of the stem height, so that by the age over 30 years
the crown length should be 1/3 of the tree height.

Experimental trial

2Grob/Berz

4Kand/Aizl

14Ozol/Med

6Iec/Skuj

12Rez/Bit

TP

GSC

SPG

ASG

SPG

3774

2651

2925

1853

1510

11.6  2.78

13.9  2.6

12.9  2.6

12.7  2.2

10.3  2.88

7.7  0.60

7.3  0.74

7.4  0.95

7.7  0.43

8.2  0.90

0.04

0.03

0.04

0.06

0.06

Volume, m3 ha1

152

79

117

111

91

Average volume
increment m3 ha1 per
year

8.94

4.44

4.06

5.26

5.77

Significant difference at
p < 0.05

Except 6
(p > 0.05)

Between all

Between all

Except 14
(p > 0.05)

Except 14
(p > 0.05)

Soil type
Density stems ha

1

D, cm
H, m
Volume of mean tree, m

3

Table 3.
Stand data of scots pine plantations on different soils (age 15 years).
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Trials

Total biomass, freshly cut,
kg/abs. Dry, kg/%

Stem mass freshly cut,
kg/abs. Dry, kg/%

Branch mass, freshly cut,
kg/abs. Dry kg/%

2Grob/Berz

174.42/106.05/100

143.14/87.03/82.1

31.28/19.02/17.9

14Ozol/Med

210.52/128/100

170.1/103.42/80.8

40.42/24.57/19.2

185.52/112.80/100

132.12/80.32/71.2

53.4/32.47/28.8

190.15  15.1

148.45  15.95

41.7  9.1

115.61

90.26

25.35

100

78

22

6Iec/Skuj
Average
Freshly cut, kg
Abs. dry, kg
%

Table 4.
The average indices of sample tree above-ground biomass (freshly cut/abs. Dry/%) 15-year-old pine
plantations.

In highly productive pine plantations, the protection of trees against the damage
of artiodactyls is a must. For this purpose we may use repellents and stem protection tubes or fence the site in.

6. Growth and development of Norway spruce plantations on
agricultural land
The assessment of the growth of spruce plantations on AL had been performed
on nine sites, and their growth and cumulative productivity has been researched in
plantations on AL in naturally dry mineral soils (SP, BUB, CAS, ASG, and PGx)
(Table 5).
Investigations show that Norway spruce may be successfully cultivated in open
farmland areas. Its rooting and growth in intensively managed (additional
fertilisation and soil liming in case of need) and duly tended sites should be evaluated as good and excellent. However, spruce as a shade-tolerant species adapts itself
much slower to the growing conditions of open farmlands. As it follows from the
field data, the growth in height of spruce in the first 5–6 years after planting is
stunted (on average 0.10–0.15 m.year1), and only in optimum growing conditions
it reaches the height of DBH (1.3 m) by the said age (Table 5).
The data acquired in experiments show that by carrying out timely agrotechnical
tending in sod-podzolic agricultural lands, the (exp. trials 5, 8, 10, 12) Norway
spruce mean height at the age of 15 years had reached 8.3 m, which corresponds to
the Norway spruce dominant height of site index I (H = 12 m) in forest stands [67],
whereas the Norway spruce mean height in soils’ CAS (13Iec/Iec2) and in plantations at the age of 15 years, where additional fertilisation has been performed
(8Amat/Zaube), reaches H = 9.5–10.5 m, corresponding to the 18-year-old site
index I spruce dominant height in forest stands, in forest soils [67].
In AL of soil types CAS, ASG, and SPG without fertilisation, the tree mean
diameter at breast height in 15-year-old plantations shows a greater difference:
8.3–12.6 cm, tree height H = 7.1–8.9 m, and standing volume 68–142 m3 ha1. The
current standing volume increment in these trials constitutes 6.57–15.76 m3 ha1 per
year (Table 6).
When determining the Norway spruce plantation above-ground biomass volume, it was found that in a 15-year-old plantation, the above-ground biomass of
mean tree constitutes 143 kg (100%) on average, including stem biomass 66 kg
(46%) and crown biomass (branches plus needles) 77 kg (54%), which in turn splits
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1

Except
7Vies/Pals

15.76

7.42

Except 7Vies/Pals
10Mad/Birz

142

90

0.0534

7.7  0.71

12.6  2.31

2660

ASG

6Iec/Skuj

Except 5Dob/Mez 10
Mad/Birz

5.51

64

0.0205

6.7  0.86

7.9  2.39

3128

BUB

7Vies/Pals

Table 5.
Growth and productivity of Norway spruce plantations on agricultural lands.

Significant difference at
p > 0.05

Average volume increment,
m3 ha1/year

Volume, m ha

3

0.0318

7.7  1.91

Volume of mean tree, dm3

9.2  1.98

2840

SP

H, m

1

5Dob/Mez

DBH, cm

Density, stems ha

Soil type

Experimental trial

Between
all

14.59

98

0.0669

10.5  0.91

12.3  2.65

1400

TP

8Amat/
Laub

Except 5Dob/Mez
7Vies/Pals

5.29

97

0.0389

7.8  0.69

10.5  1.48

3100

SPG

10Mad/Birz

Except
7Vies/Pals

8.66

90

0.0304

7.4  1.92

9.4  2.87

2957

SPG

12Rēz/Bit

Except 6Iec/Skuj

10.26

88

0.0396

8.9  1.90

10.6  2.87

2230

CAS

13Iec/Gaili 3300
trees ha1

Except 6Vies/
Skuj

13.04

106

0.0491

9.5  1.12

10.9  2.40

2165

CAS

13 Iec/Gaili
2500 trees ha1

Between
all

6.57

68

0.0258

7.1  1.01

8.3  2.12

2640

SPG

14 Ozol/
Med
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Trial

Total biomass,
kg/%

Stem biomass,
kg/%

Tree crown biomass
Live branches, kg/%

Incl., needles
kg

% of stem biomass

13Iec/Gail

177/100

85/49

91/51

44

25

6Iec/Skuj

143/100

66/46

77/54

38

27

10Mad/Birz

153/100

66/43

86/56

46

30

7Vies/Pals

122/100

50/41

72/59

35

28

5Dob/Mez

134/100

61/45

73/55

37

27

14Ozol/Med

129/100

66/51

62/48

29

22

143/
66/
100

66/
30/
46

77/
35/
54

38
19

27

Average
freshly cut, kg
/abs. Dry, kg
%

Table 6.
The average indices of sample tree above-ground biomass (freshly cut/abs. Dry) in 15-year-old Norway spruce
plantations.

into branch biomass 32 kg (41%) and needle biomass 45 kg (59%) (Table 6). The
profitability of plantation cultivation of spruce may be raised by delivering foliage
biomass to the manufacturers of medicinal preparations and food additives.

7. Growth and development of silver birch plantations on agricultural
land
The research on the growth of silver birch and productivity on former AL, in
naturally dry mineral soils, it is suggested that overall, compared to conifers, the
growth of silver birch in these plantations is more dynamic [1, 17, 27, 28, 31, 33].
The greatest silver birch height is recorded exactly in plantations in fertile
agricultural soils—in soil CAS in the trial 13Iec/Gail and in SPG soil in the trial
14Ozol/Med; the mentioned soils had been extensively used in agricultural production (Table 8), here the mean height of silver birch at the age of 15 years marked as
15.3 m.
In the plantations in SPG soil (trials No 3, 8, 10, 12, 14), the mean height of silver
birch varies from 12.8 to 14.7 m, in ASG soil (trial No 6) from 12.1 to 12.5 m, in BUB
soil (trial no 7) 14.3 m, and in GSC soil (4Kand/Aizl), on heavy gley base material,
8.5 m, but the mean diameter at breast height in these trials fluctuates from 9.7 to
13.2 cm, from 10.3 to 12.5, 10.9, and 7.9 cm, respectively (Table 8).
The productivity of silver birch plantations at the age of 15 years in different
soils varies from 62 to 169 m3 ha1 (Table 7).
The current standing volume increment in silver birch plantation experimental
trials varies from 7.54 to 29.82 m3 ha1 per year: the smallest increment—
4.66 m3 ha1 per year—in 15-year-old plantations has been registered in heavy gley
soil (4Kand/Aizl), but the largest, 29.72–29.82 m3 ha per year, in CAS soil (13/Gail)
and in pseudogley soil (14/Med) (Table 7).
The data statistical analysis indicates that the productivity of silver birch plantations at the young stand age is also significantly smaller (p ≤ 0.05) in heavy gley
soils (4Kand/Aizl).
59

60

1952

7.9  2.21

2165

GSC

4Kand/
Aizl

13.49
Except
trials 3, 12,
14, 15

Between
all

128

0.0595

14.2  1.82

4.66

47

0.0219

2500

ASG

6Iec/Skuj

2928

BUB

7Vies/Pals

9.7  2.60

2214

SP

8Amat/
Laub

25.1
Except
trials 4, 6

Except
trials 3, 4, 7

145

0.0645

Except
trials 4,
10, 14, 15

15.72

112

0.0505

14.3  1.06 13.3  1.83

21.69

138

0.0512

12.5  2.3

10.5  2.60 10.3  2.80 10.9  1.96

2650

SP

5Dob/Mez

Table 7.
Growth and productivity of birch (Betula pendula Roth) plantations on agricultural lands.

Except
trials 2, 6,
14, 15

Except
trials 6, 7

Significant
difference at 0.05
level (p < 0.05)

101

0.0659

12.17

82

0.0534

12.3  1.14 12.8  0.80 8.5  1.00

11.6  1.71

14.33

1

1758

10.6  2.71

GSP

3Kuld/
Rūmn

ZM, m3 ha1 per
year

M, m ha

3

V, dm3

H, m

D, cm

N, trees ha

TP

Soil type [53]

1

1Grob/
Bērz

Experimental
trial

12.5  2.49

861

ASH

11Gulb/
Sop

8.8  3.6

1400

SPG

12Rez/Bit

13.9  2.46

1675

CAS

13Iec/Gail

3.72
Except
trials 2, 6,
14, 15

Between
all
Except
trials 2, 6,
14, 15

Except
trials 2, 6,
7

61

0.0439

8.30

62

0.0725

12.07

135

0.0582

29.72
Except 13 Iec/
Gail

Between
all

143

0.0489

14.0  1.53

12.6  2.06

2765

SPG

14Ozol/Med
(initially 3000
trees ha1

29.82

169

0.0909

13.0  2.18 12.1  0.55 10.0  3.0 16.2  1.06

10.8  3.3

1650

SPG

10Mad/
Birz

20.97

131

0.0533

12.8  1.55

10.4  2.35

2354

TSP

9Koc/Zar

Except 13 Iec/
Gail

24.97

122

985

14.7  1.04

13.2  2.29

1480

SPG

15Ozol/Med
(initially 1600
trees ha1
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Experimental trial

Mean tree volume, m3

Soil type

Variants, planting schema
11m

12m

22m

23m

33m

3Kuld/Rumn

SP

0.0272

0.0356

0.0516

0.0603

0.0802

10Mad/Birz

SPG

0.0353

0.0530

0.0605

0.0592

0.1025

12Rez/Bit

SPG

0.0194

0.0298

0.0327

0.0360

0.0550

0.0273

0.0395

0.0483

0.0518

0.0792

Average

Table 8.
Variations in the mean tree volume of a 15-year birch depending on planting density at trial sites.

The largest cumulative volumes of mean tree for silver birch are in SPG extendedly cultivated soil (14Ozol/6Med) 0.0960 m3, in CAS soil (13Iec/Gail) 0.0909 m3,
and in ASG soil (6Iec/Skuj) 0.0798 m3, but the smallest cumulative volumes of
mean tree have been recorded in GSC heavy gley soil in the trial 4Kand/Aizl,
0.0219 m3 (Table 7).
The growth of birch plantation, especially in the young age, depends on such
factors as soil fertility, relief, microclimate, hydrological regime, and the method of
establishing and tending the plantation. In terms of growth and yield, the best
performance by the age of 15 years is shown by birch plantations (stock volume
112–169 m3 ha1) in fertile agricultural soils with stable moisture regime (cultivated, sod-podzolic, unsaturated brown, sod-gley alluvial soils).
It should be noted that the significant differences for the tree volume growth of
birch plantation in 15 years depend on planting density (Table 8) [1, 26, 27].
Investigations show the same results than Estonian and Scandinavian
researchers [24, 29, 30]; that higher density birch plantations (10,000 and 5000
trees ha1) are profitable as short-rotation plantations of energy wood, but plantations with lower density (1600, 1100 trees ha1) could be used for cultivating birch
timber.
Research on the volume of the silver birch plantation above-ground biomass
indicates that the biomass of a 10-year-old silver birch constitutes 65  12.81 kg
(100%) on average, of which the stem takes up 48  9.5 kg or 74% of the total tree
biomass, but the crown biomass (branches plus leaves) 17  4.3 kg or 26% of the
total tree biomass. A 15-year-old birch biomass constitutes 158.41  31.72 kg
(100%) on average, including the stem biomass 121  22.8 kg or 76% of the total
tree biomass, but the crown biomass (branches and leaves) 37.3  14.3 kg or 24% of
the total tree biomass (Table 9).

8. Growth and development of alder (Alnus glutinosa (L.) Gaertn.)
plantations
Recent research indicates that alder occupies an important place in plantation
forestry as well, since it grows vigorously in periodically wet areas or in areas with
high groundwater levels and develops deep and broad root systems even under
anaerobic conditions thanks to the absorption of oxygen through the lenticels of its
trunk above the surface of the water; furthermore, alder is also capable of excreting
toxic gases through the cells of its parenchyma [65]. Plantation cultivation of alder
offers a high yield of wood in a relatively short period of time. It should be grown in
fertile, sufficiently moist soils, where the groundwater level stays fairly high; these
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Sample tree age (years)

Total biomass kg/%

Stem mass kg/%

Branch mass, kg/%

10 years old

65  12.8/
100

48  9.5
74

17  4.3/
26

12 years old

98  7.2/
100

71  3.9/
72

27  3.4/
28

15 years old

158  31.7/
100

121  22.9/
76

37  14.3/
24

Table 9.
The average indices of sample tree above-ground biomass (freshly cut) in 10–15-year-old silver birch
plantations.

Experimental trials

Soil type [53]
N, trees ha

1

D, cm
H, m
V, dm

3

M, m3 ha1
ZM, m3 ha1 per year
Significant difference at 0.05
level (p < 0.05)

5 Dob/Mez

9Koc/Zar

13Iec/Gail

1st floor

2nd floor

SP

SP

LSP

CAS

Total 3345/1st floor 2532

813

1146

700

12.2  2.64

6.2  1.44

11.3  2.85

14.5  3.42

15.4  1.43

10.9  1.56

15.3  0.85

10.9  1.12

0.0898

0.0184

0.0769

0.0923

Total 249/1st floor 234

15

88

66

26.16

—

10.77

13.07

Except
5Dob/Mez

Except
5Dob/Mez

Between all

Table 10.
Growth and productivity of alder (Alnus glutinosa (L.) Gaertn.) plantation in agricultural land.

are cultivated, soddy-podzolised, alluvial, podzolised gley, semi-hydromorphic, and
peaty soils of high and transitional bogs with no stagnant groundwater [65].
The objective of the research project carried out by LSFRI Silava is to find out
the productivity of alder in plantation-type stands in former agricultural lands. The
research of alder stands is conducted at three objects: on SP soil (Dob/Mež), on LSC
soil (Koc/Zar), and humus rich CAS soil (13Iec/Gaiļ). Typically, the alder reaches
DBH level during the second or third year after planting (Table 10).
Trials show that alder plantations in Sp, LSp, and CAS soils reach an average
height of 10.9  1.12–15.4  1.43 m and diameter at the level of the chest of
11.3  2.85–14.5  3.42 cm at the age of 15. The wood volume of the plantation, with
the density of plantation being 1146–3345 trees ha1, amounts to 81–234 m3 ha1
(Table 10).
It should be noted that the removal of several root suckers has not been
performed at the object 5Dob/Mez and in 50% of the cases two to three root suckers
were left at each trunk, while at the object 9Koc/Zar, all suckers have been removed
(Table 10).
Plantation cultivation of common alder offers a high yield of wood in a relatively
short period of time. It should be grown in sufficiently fertile moist soils, where the
groundwater level stays fairly high; these are cultivated, sod-podzolic, alluvial,
podzolic-gley, semi-hydromorphic, and peaty soils (CAS, SP, LSP, AHG, SPG, ASG,
BUB, etc.) of high and transitional bogs with no stagnant groundwater.
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9. Growth and development of grey alder (Alnus incana (L.) Moench)
plantations on agricultural lands
Research indicates that grey alder is a promising species of trees in the climate
zone of Latvia, as the volume of appropriately managed grey alder stands can reach
250–400 m3 ha1 within as few as 25–30 years, with 50–70% of the trunk timber
conforming to roundwood requirements [1, 17, 68].
Research has confirmed that grey alder is particularly suitable for the development of plantations and short-rotation plantations.
It has been found that the growth rate of grey alder varies considerably in
different growth conditions. In soils rich in mineral nutrients, as well as in
humidity-controlled areas, the growth of grey alder in young stands and within the
framework of first age class is only slightly behind the growth rate of hybrid aspen
(see the section Growth Rate of Aspen and Hybrid Aspen Plantations) (Table 12
[1, 17, 22, 69]).
The volume of grey alder in high-quality stands (H20 = 12–20 m) is also considerable, and as soon as within 15 years, the volume of harvested trunk timber
amounts to 77–178 m3 ha1 (Table 12). Meanwhile, the yield of timber obtained
from well-cultivated high-quality stands (H20 = 20 m) of grey alder at the age of
25 years amounts to 359 m3 ha1 (Table 11).
Investigations show that grey alder as a fast-growing species is suitable for
plantation cultivation in sites with fertile soils and stable moisture regime. In high
site index plantations (H20 = 16–20 m), the stock volume of 10–15-year grey alder
may reach even 180 m3 ha1 (Table 12). Depending on the intensity of thinning at
the early age, we may recover a definite volume of such assortments as
roundwood, case timber, and firewood or wood chips. A 5–15-year grey alder
coppice should be managed as short-rotation plantation, yielding 75–455 loose
m3 ha1 of wood chips.
Development of broadleaved species: pedunculate oak (Quercus robur L.), wild
cherry (Cerasus avium Moench. syn. Prunus avium), and small-leaved lime (Tilia
cordata L.) plantations on agricultural lands.
Broadleaved species pedunculate oak, wild cherry, and small-leaved lime plantations on agricultural lands with naturally dry mineral soils (TSC, SP,GSC, BUB,
ASG, CAS) show different growth rate than common tree species: for oak, tree
height fluctuated from 2.6  0.83 to 6.0  2.4 m and breast height (DBH) from
2.8  1.64 to 6.6  3.9 cm; for wild cherry, tree height fluctuated from 5.5  0.81 to
7.8  0.53 m and DBH 5.2  1.72–11.4  2.62 cm; and for small-leaved lime, tree
height fluctuated from 7.1  0.84 to 8.8  2.14 m and DBH from 8.8  2.14 cm to
13.6  2.80 cm. At this stage it is not yet possible to evaluate the performance of
these plantations (Table 12).
Research shows that, under the climatic conditions of Latvia, the growth rate of
tree species like pedunculate oak (Quercus robur L.), small-leaved lime (Tilia
cordata L.), and wild cherry (Cerasus avium (L.) Moench syn. Prunus avium L.) is
slower than the local tree species (Scots pine, Norway spruce, silver birch, etc.) and
15-year-old plantations present with comparatively minor tree dimensions and thus
the productive volume. This means that considerably different plantation management must be scheduled compared to the plantation management of native tree
species.
Plantation cultivation of common oak proves right only in the case there is a
suitable site for it: relief elevation; calcareous rock in lower soil horizons;
sufficiently moist and fertile soils like soddy calcareous, soddy-podzolised, and
alluvial soils with a stable moisture regime, cultivated soils with sandy loam, and
loam as the parent rock; soil acidity pH -6-7-8; and liming in case of need. In
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Parameters

5 years old

10 years old

15 years old

20 years old

25 years old

Site index H20 = 8 m
N, trees ha1

10,000

5192

3539

2696

D, cm

2.7

4.8

6.5

8.0

H, m

2.3

4.1

5.7

7.3

3

0.0008

0.0038

0.0096

0.0178

1

8

20

34

48

ZM, m3 ha1 per year

1.7

2.0

2.2

2.4

8000

4251

2937

2259

1843

D, cm

4.1

7.2

9.8

12.0

13.9

H, m

3.4

5.9

8.2

10.4

12.5

0.0024

0.0108

0.0268

0.0491

0.0803

19

46

77

111

148

3.7

4.6

5.1

5.5

5.9

6000

3302

2328

1817

1499

D, cm

5.4

9.7

13.1

16.0

18.5

H, m

4.5

7.8

10.8

13.7

16.4

0.0050

0.0230

0.0554

0.1040

0.1688

30

76

129

189

253

6.1

7.6

8.6

9.4

10.1

4000

2339

1709

1368

1151

D, cm

6.8

12.1

16.4

20.0

23.2

H, m

5.8

10.0

13.8

17.3

20.6

0.0097

0.0436

0.1041

0.1930

0.3119

39

102

178

264

359

7.9

10.2

11.9

13.2

14.3

V, m

3

M, m ha

Site index H20 = 12 m
N, trees ha1

V, m

3
3

M, m ha

1

3

ZM, m ha

1

per year

Site index H20 = 16 m
N, trees ha1

V, m

3
3

M, m ha

1

3

ZM, m ha

1

per year

Site index H20 = 20 m
N, trees ha1

V, m

3
3

M, m ha
3

1

ZM, m ha

1

per year

Table 11.
Grey alder plantation characterising parameters in various agricultural land soils at the age of 5–15 years (site
index H20 = 8 m to H2o = 20 m) [69].

adequately tended plantations, common oak in favourable growing conditions may
by the age of 15 years reach the mean height of 6.0 m and the mean diameter of
6.6 cm. To ensure 80–85% survival of the oaks planted out, the plantation should be
properly and timely tended, as well as protected against the pest, disease, and
wildlife damage (use of repellents, protection tubes for tree stems, etc.). Wild
cherry should be cultivated on fully lighted relief elevations, suitable for the
given species. Preferably, the site should be protected from the north and east
winds and have well-aerated sandy loam and loamy soils with calcareous rock
underneath (soil reaction pH 6.5–8). Wild cherry cannot be planted in terrain
depressions, where it may suffer from night frosts. Site preparation is by
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Pedunculate oak
Experimental
trials
Soil type
N, trees ha

1

D, cm
H, m
V, dm

3

M, m3 ha1
3

ZM, m ha
year

1

1Priek/
Ozol

3Kuld/
Rumn

4Kand/Aizl

7Vies/
Pals

11Gulb/Sop

13Iec/
Gail

TSC

SP

GSC

BUB

ASG

CAS

1580

1950

1190

1887

818

1650

4.9  2.49

5.1  3.49

2.9  2.35

6.6  3.90

2.8  1.64

5.9  2.67

4.0  2.16

4.3  1.47

2.8  1.32

6.0  2.40

2.6  0.83

4.9  1.73

0.0048

0.0118

0.0005

0.0095

0.0019

0.0078

7.6

23.0

0.6

18.0

1.6

12.9

Except
3Kuld/
Rumn

Except
7Vies/
Pals,
13Iec/Gail

Except
1Priek/Ozol,
3Kuld/Rumn,
7Vies/Pals,
13Iec/Gail

Except
13Iec/Gail

Except
1Priek/Ozol,
3Kuld/Rumn,
7Vies/Pals,
13Iec/Gail

Except
7Vies/
Pals

1Priek/
Ozol

7Vies/Pals

18Krust/Paki

TSC

BUB

SPG

1000

900

1000

per

Significant
difference at 0.05
level (p < 0.05)

Small-leaved lime
Experimental trials
Soil type
N, tree ha

1

D, cm

13.6  2.80 11.8  2.73

8.8  2.14

H, m

8.6  0.95

8.8  0.73

7.1  0.84

0.0145

0.0141

0.0149

64

49

42

1Priek/
Ozol

3Kuld/
Rumn

16Tals/Zelt

TSC

SPG

SP

1580

1920

5600

D, cm

11.4  2.62

8.5  1.72

11.5  3.80

H, m

8.5  0.53

8.2  0.81

7.0  1.48

0.0437

0.0251

0.0205

69

48

115

4.6

3.2

13.49

Except
3Kuld/
Rumn

Between
all

Except 3Kuld/
Rumn

V, dm3
3

M, m ha

1

3

ZM, m ha
year

1

per

Significant
difference at 0.05
level (p < 0.05)
Wild cherry
Experimental trials
Soil type
N, tree ha

1

V, dm3
3

M, m ha
3

1

ZM, m ha
year

1

per

Significant
difference at 0.05
level (p < 0.05)

Table 12.
Development of lime (Tilia cordata L.), oak (Quercus robur L.), and European cherry (Prunus avium L.)
plantations on agricultural lands.
65

Energy Efficiency and Sustainable Lighting - A Bet for the Future

continuous or strip ploughing 30–40-cm deep; careful tending and stem protection
are critical requirements; initial planting density is 900–1600 trees ha1.

10. Development of aspen (Populus tremula L.) and hybrid aspen
(Populus tremula x tremuloides Mich.) plantations on agricultural
lands
Correct selection of the site of planting is important for the establishment of
productive conventional and hybrid aspen plantations, since aspen is a lightdemanding tree species and its vegetation period is long. Well-drained, fertile loam,
and sandy loam soils that are rich in minerals, sod-podzolic, soddy-gley alluvial, and
gley soils and agricultural land soils, where the groundwater is running and its level is
comparatively high, are the most suitable soils for the cultivation of aspen [1, 70–72].
Research has demonstrated that, in order to obtain optimum volume, the plantation must contain no less than 1000–1400 trees per 1 ha until the felling of the
plantation at the age of 25 while retaining the initial density of the plantation
[69, 70].
The conducted trials indicate that at the age of 15–16, the plantations of aspen, at
2500 trees ha1, produce 150 m3 ha1 stock volume and current volume growth of
about 7 m3 ha1 per year1, meanwhile plantations of hybrid aspen of the same age
at the density of 950 trees ha1 reach 309 m3 ha1 in volume with the current
volume growth of 25 m3.ha1 year1 (Table 13).
The average height of trees at the age of 15 years in a common aspen plantation is
H = 12.4 m and the average diameter at chest height D = 11.8 cm, while the annual
current volume growth is 6.97 m3 ha1 year1 (Table 14). In contrast, the average
height of trees at the age of 16 years in the hybrid aspen plantation is H20 = 20 m,
and the average diameter at breast height is D = 18.9 cm, while the annual current
growth of the stock volume is 24.67 m3 ha1 year1 (Table 14). Similar current
growth data for hybrid aspen plantations have also been recorded by Swedish
researchers, provided that the first thinning is performed at the age of 10–11,
leaving 800–900 trees ha1; the second at the age of 15–16, leaving 500–600
trees ha1; and the third at the age of 20, leaving about 350–400 trees ha1 [26, 72].
Highly productive plantations of common and hybrid aspen are possible in fertile
sites of loamy and sandy loam soils with a stable moisture regime (soddy-podzolised,

Experimental trials

Common aspen 11Gulb/Sop

Hybrid aspen 13Iec/Gail

ASG

CAS

2504

950

D, cm

11.8  2.93

18.9  3.12

H, m

12.4  1.42

20.0  2.05

0.0599

0.325

150

309

per year

6.97

24.67

Significant difference at 0.05 level
(p < o.05)

Significant difference with
13Iec/Gail

Significant difference with
11Gulb/Sop

Soil type
N, trees ha

1

V, dm3
3

M, m ha
3

1

ZM, m ha

1

Table 13.
Dendrometric parameters for a 15-year aspen (Populus tremula L.) and hybrid aspen (Populus tremula x
tremuloides mill.) at the plantations of agricultural land.
66

Plantation Forests: A Guarantee of Sustainable Management of Abandoned and Marginal…
DOI: http://dx.doi.org/10.5772/intechopen.88373
Scots pine
plantation, age
15 years

Norway spruce
plantations, age
15 years

Silver birch
plantations, age
15 years

1510–3774

1400–3128

1400–2650

12–99

33–67

25–81

Obtainable pulpwood/firewood volume,
m3 ha1

6/6–50/49

16/17–33/34

7.5/17.5–24/57

Total obtainable biomass (stem wood +
branches) (freshly cut)/abs.dry, t ha1
(Tables 4, 6, 10)

5.2/3.1–43/25.5

40/23–82/48

22/18–88/67

Plantations

Number of trees ha1(average)
Timber volume obtainable during thinning,
m3 ha1

Table 14.
The amount of timber and pulpwood plus wood waste biomass (m3 ha1; t ha1) (EUR) obtainable from
15-year-old scots pine, Norway spruce, and silver birch plantations.

soddy-gley, gley, podzolised gley, cultivated soils). To obtain an appreciable stock
volume, the planting density should be no less than 1100 trees ha1 at the 85–100%
survival of the stock initially planted. The stock volume of a 15-year common aspen
plantation may reach 150 m3 ha1, while hybrid aspen 300 m3 ha1. The first thinning should be done no later than at the age of 9–10 years, reducing the number of
trees to 900 trees ha1. The rotation period for hybrid aspen is 20–25 years, while for
common aspen 30–35 years. In managing aspen plantations, sufficient attention
should be given to tree protection against the damage of artiodactyls and rodents,
let alone the pest and disease control (Plantskids, Cervacol Extra, Wobra; Tubex and
Vertex plastic protection tubes; plastic entanglements; fences).

11. Predictable productivity of plantation forests in Latvia
If it is planned to manage this kind of plantation as a roundwood production
plantation, it is necessary to perform the first thinning of the standing volume. The
projected volume of timber and biomass to be felled has been calculated by considering the number of trees to be felled and the standing volume of the tree species
mean tree stem wood and branch biomass. According to the Latvian forest legislation, the optimal number of tree in pine young stands with average H = 7 m is 1300
trees ha1, in Norway spruce young stands with H = 8 m are 1100 trees ha1, and in
silver birch young stands with H = 11 m are 900–1100 trees ha1 [73].
Calculations show that the highest pulpwood volume and wood biomass in the
first thinning are obtainable from plantations that have retained the initial planting
density (Table 14) [73].
In the silver birch experimental trials, the first round tending or thinning is
needed to ensure further growth, by reducing the number of trees and thus
obtaining the pulpwood to be sold. Its volume calculation has been performed by
the methodology of modelling roundwood assortment yield in thinning birch plantations [74, 75]. These investigations show that the number of trees after the first
thinning must be no more than 1100 trees per ha [74, 75].
Our research indicates that for the acquisition of energy wood higher stocking
density (10,000 and 5000 trees per ha) silver birch plantations can be established,
the rotation period of which could be 15 years [1]. It must be noted that despite
decreasing the number of trees by 26–34%, the total biomass (number of trees x
medium tree mass, kg) reaches about 530–942 t ha1 (Table 15).
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Experimental
trial site

Age
Number of trees per ha/
(years)
obtaining cutting out
number of trees ha1

Obtainable
volume during
thinning,
m3 ha1

Obtainable pulpwood/
firewood (50% pulpwood,
50% firewood), m3 ha1

5Dob/Mez

15

3345/2230

145

72.5/72.5

9Koc/Zar

15

1146/

0

0

13Iec/Gaili

15

700/

0

0

Table 15.
Available volume of wood in common alder plantations at experimental trial sites.

Similar conclusions have also been published in Finland and Sweden, where it
has been noted that dense birch plantations must be managed for obtaining energy
wood, but sparse plantations must be designated for acquisition of the assortment
[14, 24, 29].
By the age of 15, the annual volume growth of the alder plantation is 10.77–
26.16 m3 ha1 year with the stock volume up to 249 m3 ha1, provided one, two, or
even three root suckers are left at each stem. The first thinning, with the roundwood
yield of 70–100 m3, could be performed by the age of 10–12 years, retaining only
good quality stems. By careful and proper management of alder plantations, it is
possible to get assortments such as veneer logs and sawlogs by the age of 30–40 years
(Table 15).
According to the recommendation of Swedish researchers, if the plantations of
hybrid aspen are developed for the production of chipped wood, thinning should
not be performed at all and the rotation cycle is 25 years. Meanwhile, if the plantation is intended for the production of roundwood, the recommended cultivation
technology is as follows: the number of original plants is 1100–1200 trees ha1; the
first thinning is performed at the age of 10–11, leaving 700 trees ha1; and the last
thinning is done at the age of 16–17, leaving about 400 trees ha1 [26, 69].
Calculations indicate that the volume of felled timber at the plantation of aspen
is expected to average at 102 m2, while the output of pulpwood is estimated to
amount to approximately 50% of the total timber yield, while 50% of the timber will
be valued as firewood (Table 16).
The investigations show that to obtain an appreciable stock volume, the planting
density should be no less than 1100 trees ha1 at the 85–100% survival of the stock
initially planted. The rotation period for hybrid aspen is 20–25 years, while for
aspen 30–35 years. In managing aspen plantations, sufficient attention should be
given to tree protection against the damage of artiodactyls and rodents, let alone the
pest and disease control (Plantskids, Cervacol Extra, Wobra; Tubex and Vertex
plastic protection tubes; plastic entanglements; fences) [1].
Trial site

Age
Number of trees per ha/
Obtainable
(years) obtainable number of
volume during
trees cutting out during thinning, m3 ha1
thinning, trees ha1

Obtainable volume:
roundwood
(50–80%)/firewood
(50–20%), m3 ha1

11Gulb/Sop
(aspen)

15

2504/1704

102

51/51

13Iec/Gail
(hybrid aspen)

15

950/550

179

143/36

Table 16.
Available volume of wood in aspen and hybrid aspen plantations at the age 15 years.
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12. Conclusion
In studied plantations on former agricultural lands, Scots pine (Pinus sylvestris
L.), Norway spruce (Picea abies (L.) Karst.), silver birch (Betula pendula Roth.),
alder (Alnus glutinosa (L.) Gaertn.), grey alder (Alnus incana (L.) Moench.), aspen
(Populus tremula L.), and hybrid aspen (Populus tremula x tremuloides Mill.) reach a
standing volume of maximum 100–300 m3 ha1 in 15 years, the lowest for conifers
and the highest for broadleaves. To ensure potentially high-volume growth in
similar plantations in the future, the number of trees per unit area should be
reduced.
Spruce, in terms of growth rates and productivity, performs best in naturally dry
nutrient-rich soddy-podzolised, soddy-gley alluvial, and cultivated soils with sandy
loam and loam as a parent rock. In the sites like that, spruce with its shallow root
system is sufficiently supplied with nutrients and protected from sharp
groundwater-level fluctuations in the spring and autumn seasons with heavy precipitation.
Properly timed thinning of spruce plantations, done no later than at the age of
12–15 years, is of special importance for achieving a significant growth of stock
volume and having top-quality stems. Pruning of crop trees is desired; it could be
done in the localities with no threat of bark stripping by the artiodactyls.
When cultivating spruce in farmlands, protection measures should be taken
against potential infection by parasitic fungi. In the case thinning is done during the
growing season, the stumps of the trees removed should be treated by some fungisuppressing agent (Rotstop, etc.) to avoid the spread of root rot, caused by the
fungus Heterobasidion annosum. In plantation tending care should be taken to avoid
mechanical damage of tree stems. To get branch-free spruce stems, pruning up to
the height of 2 m should be started no earlier than at the age of 12–15 years and
continued in subsequent years.
According to our results, silver birch, alder, grey alder, and Norway spruce are
the most suitable for short-rotation (25–40 years) plantations in naturally dry
mineral soils of light and medium heavy texture in Latvian climatic conditions. The
stands of increased stocking density could be useful for producing energy wood,
while those of lower density—for the economically feasible production of commercial timber.
In the climatic conditions of Latvia, small-leaved lime (Tilia cordata L.), pedunculate oak (Quercus robur L.), and wild cherry (Cerasus avium (L.) Moench. syn.
Prunus avium L.) have reached the standing volume of 18–39 m3 ha1 in 15 years
after plantation establishment, except for the stand volume of wild cherry with
5600 trees per ha; accordingly we cannot evaluate their suitability for use in plantations before some 30–40 years.
After forest establishment on farmlands, the soil tends to become more acidic.
Characteristic meadow and fallow grass species are declining, while species typical
to forest vegetation appear. In fertile soils, the meadow plant species are replaced by
benthic eurytopic nitrophytes like Urtica dioica, Anthriscus sylvestris, and Dactylis
glomerata. Forest ground-cover vegetation emerges faster in the sites on dry, lean
soils.
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Chapter 4

Explorative Analysis of Household
Energy Consumption in Bauchi
State, Nigeria
Abubakar Hamid Danlami and Rabi’ul Islam

Abstract
This study was conducted with the major aim of conducting descriptive and
exploratory analyses on the socio-economic characteristics of households in Bauchi
state and their pattern of energy choice and consumption. A total sample of 539
household responses were analysed, which were selected using cluster area sampling. The analysis indicates that the average monthly household income is USD
220, and the average monthly firewood consumption per household is about 35
bundles. Moreover, about 70% of the respondents argued that they use firewood as
their main source of cooking fuel. For the lighting source of energy, 65% of the
households argued that they use electricity as their main source of lighting. Additionally, the correlation analysis indicates that income has a positive relationship
with the quantity of energy consumption, while there is a negative relationship
between the price of a particular source of energy and its consumption. The study
suggests that there is a need of a good policy that will reduce the households much
dependence on firewood to other cleaner sources of energy.
Keywords: firewood; cooking and lighting, energy, consumption

1. Introduction
Energy is one of the most important aspects of household life. It is a commodity
that is vital for the existence of modern household living [1, 2]. In fact, the total
welfare of a household depends on the type and the pattern of the household’s
energy utilisation. The household energy consumption pattern in Bauchi state can
be categorised into three major dimensions: cooking, lighting and cooling purposes.
For satisfying the needs of cooking, various sources are available, which includes:
fuel-wood, kerosene, gas and electricity, plus elements of plant residues and animal
dung which are used in some parts of the rural areas of the state. For lighting
purpose, the various choices mainly include: electricity, petroleum/diesel (used for
fuelling generators), kerosene, candles, traditional lamps and firewood, mostly
based on socio-economic status of a household [3, 4]. Furthermore, for the purpose
of drinks and space cooling, various energy sources are available which consist of
mainly electricity and petroleum or diesel (gas) power generator.
Of all the above categories of fuel sources, electricity, liquefied petroleum gas
(LPG) and kerosene are regarded to be either cleaned (i.e. in the case of electricity
and gas) or transitional (i.e. in the case of kerosene) energy sources [5], while the
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traditional biomass fuel that include fuel-wood, animal dung and plant residues are
not cleaned energy which can lead to numerous economic, social, health and environmental problems [6, 7].
The use of traditional lamp as the main source of lighting is a threat to the health and
the life of the users; this is because such traditional lamp produces high rate of carbon
monoxide that is harmful to human health; that is why in most of the rooms whereby
such lamps are being used, there exist black dust in ceilings and the walls closer to the
lamp. In the same vein, the use of fuel-wood for cooking and lighting purposes is totally
not environmental friendly. It has negative impacts on the atmosphere and peoples’
lives [8, 9]. Apart from deforestation, desertification and soil erosion, the use of fuelwood has a very low thermal efficiency and the smoke is also hazardous to human
health, especially to women and children who mostly do the cooking in homes [10].
Acute respiratory infections (ARI) in children are one of the leading causes of infant
and child morbidity and mortality [11, 12]. Studies have found associations between
biomass fuel use and lung cancer. A 30-year-old woman cooking with straw or wood
has an 80% increased chance of having lung cancer later in life [13, 14].
The underlying rational here is to encourage households to shift from the use of
non-cleaned energy sources to the adoption of cleaned energy sources [15]. This is
because there are so many benefits in using a cleaned energy. It has been widely
argued that moving towards the use of cleaned fuels is an important option to improve
the standard of living for households who rely heavily on biomass [16]. It is the key
factor to improve the mode of living for rural population [17]. Moreover, encouraging
households to switch to cleaned energy would lead to the consumption of less fuel per
meal and less time spent for gathering fuel which could be used in other activities such
as attending school and other income generating activities [5]. Cleaned energy provides easy access to education, health care and household resources. Children who do
not have to collect bio fuels can attend school [18, 19]. Switching to cleaned fuels
could also free up time for women to engage in income-generating pursuits [18].
To attain these benefits, a very important and effective policy that provides
access to cleaned energy is required [9]. However, such effective policy also
depends on a good research which is conducted to investigate and explore households’ energy consumption pattern in relevant area [20]. This study is conducted
with the major aim of exploring socio-demographic features of households and their
pattern of energy choice and consumption in Bauchi state, Nigeria, to assess the
correlation between the energy consumption and the socio-demographic characteristics of households in Bauchi state.
The remaining part of the chapter is as follows: Section 2 consists of the review
of related literature, Section 3 consists of methodology and Section 4 discussed the
results and findings of the study. The last section consists of conclusions and policy
implications of the study.

2. Literature review
This section examines and highlights the factors that influence the level of
household fuel choice and consumption. Each of these factors is expected to relate
with the quantity of fuel consumption of households either positively or negatively.
The explanation of different categories of factors influencing the households’
energy choice and consumption is explained below.
2.1 Economic factors
These are the factors that serve as a measure of economic status of the household
which can influence the households’ fuel consumption decision. For instance,
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studies have established that there is a positive relationship between the households’
income and the adoption of cleaned energy [21–23]. Poorer households especially in
developing countries tend to adopt firewood, plant residues, animal dung and other
un-cleaned energy sources, whereas wealthier households tend to adopt energy
from more cleaned sources.
A relationship also exists between the type of occupation of the household head
and the nature of the energy source to be adopted by the household. Empirical
studies conducted in [2, 24] proved that those in white-collar jobs (executives, big
entrepreneurs) adopt cleaned energy, while those in blue-collar jobs (such as farming, trading) tend to adopt firewood and other biomass fuels. Home ownership,
which is one of the indicators of the economic status of households, affects their
decision on the type of energy sources to adopt. Those who live in their owned
house tend to adopt cleaned energy source [22, 25]. Price of energy has a negative
relationship with energy consumption. When the price of a particular energy source
is high, households switch to other alternative fuel available. This is in line with the
law of demand and also has been established by previous studies [9, 26].
2.2 Socio-demographic factors of households
The type and composition of socio-demographic factors of households influence
their fuel switching and consumption behaviour. For instance [27], we found that
households tend to adopt cleaner energy when the head of the household is female.
The age of the household head was found to have a negative relationship with the
adoption of cleaned energy [27, 28]. Households adopt less cleaned energy source
when the head is older. The level of education of the household head has a positive
relationship with cleaned energy adoption. When the higher educated is the household head, the more he realises the negative impact of un-cleaned energy, and
therefore, the less it will be adopted [2, 25]. The location of household was also
established to affect the nature of energy use. Households that live in the urban
areas tend to spent more on electricity than those living in the rural areas [29].
The number of a household’s members (i.e. household size) affects the household’s
energy consumption decision; the larger the size of a household, the lesser the
adoption of cleaned energy [30, 21]. Lastly in [31], it is established that there is a
strong relationship between the household energy use and the level of education of
the household head.
2.3 House characteristics
The characteristics of the building in which the households leave can also affect
their energy choice behaviour. For instance, the location of the home in which the
households live have serious impact on their energy consumption decision. The
households that are located in urban areas adopt cleaner energy than their rural
counterparts [2, 21]. In addition, the type of the house (i.e. nature of the building)
exacts some influence on household energy consumption behaviour. For instance,
in [2, 21], it was empirically found that living in detached house has significant
positive relationship with the adoption of gas, electricity and liquid fuel. The sizes
of the residence in which households live also influence their energy consumption
behaviour. Most of the previous studies, such as [22, 32, 33], found that the larger
the size of the building, the higher the adoption of fuel wood, all things being equal.
Furthermore, the number of rooms in the house is one of the building characteristics which influence households’ energy consumption choice. For instance, in
[2, 24], it was found that this variable has a positive significant relationship with the
household use of liquefied petroleum gas (LPG). Share of dwellings (i.e. more than
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one household living in the same building) is one of the factors which also shapes
the energy consumption behaviour of households [22].

3. Data and methodology
Because this chapter is a study of households at micro level, this section contains
the description of the study samples and the methods used in data gathering.
3.1 Sample size
In this study, the total sample size was determined based on [34]. The formula
for determining a good representative sample is:
S¼

2

NPð1 � PÞ

(1)

ð = Þ ðN � 1Þ þ Pð1 � PÞ
B C

where S, required sample size; N, the population size = 769,960; P, the population proportion expected to answer in a particular way (the most conservative
proportion is 0.50); B, the degree of accuracy expressed as a proportion (0.05); and
C, the Z statistic value based on the confidence level (in this case, 1.96 is chosen for
the 95% confidence level).
Therefore, the sample size can be determined as:
S¼

ð769, 960 ∗ 0:5Þð1 � 0:5Þ
2

ð0:05=1:96Þ ð769, 960 � 1Þ þ ð0:5Þð1 � 0:5Þ
S¼

192490
¼ 384:
501:317

¼

192490
501:067 þ 0:25

(2)
(3)

This formula has been widely applied in household micro level studies [35–38].
Furthermore, it commensurates with the sample size recommended by social science researchers. For instance, in [39], a rule of thumb is given for selecting a good
sample size which is larger than 30 and less than 500 for most of the research; and
that in case of multivariate studies, the sample size should be at least 10 times as
large as the number of variables. In [40], a rule of thumb for the accurate sample
size of at least 5–10 times larger than the number of variables is given. However, for
the purpose of data collection for this study, a total of 750 questionnaires were
distributed instead of the pre-determined sample number of 384 samples. This was
to avoid a problem of non-response rate. According to [41], since it is not every
selected sample that will likely response, there is a need for a researcher to increase
the sample size to avoid non-response bias. Babbie (1995) (cited in [42]) argued
that at least 50% rate of response is necessary for reporting and analysis. Finally,
about 548 filled questionnaires were returned back, which is more than 70% of the
total number of the issued questionnaires.
3.2 Sampling technique
For the purpose of this study, cluster area sampling method was adopted.
According to [43], area sampling is a special type of cluster sampling whereby
samples are grouped and clustered on the basis of geographical location areas
[44, 45]. The reason for adopting this method of sampling is that though the
sampling frame for the various clusters of Bauchi state is available and was obtained
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from the office of Nigerian National Population Commission, there is no available
frame containing the list of all households living in Bauchi state. Hence in this
situation, area sampling is one of the most suitable techniques of data collection. As
argued by various scholars, the underlying practical motivation for using area
sampling is the absence of complete and accurate list of the universal elements
under study since it does not depend upon the population frame [44–46]. Moreover, from [47], it was argued that in the case of cluster sampling, the full list of
clusters forms the sampling frame and not the list of individual elements within the
population.
The sampling technique used in this study is the multistage cluster sampling. In
the first stage, the whole of the study area was divided into three groups (clusters)
based on the geo-political zonal categorisation of the study area; the various categories are: Bauchi South, Bauchi Central and Bauchi North. In the second stage, two
clusters (Bauchi South and Bauchi North) were selected randomly out of the three
clusters.
In the third stage, these two clusters were further categorised into two subclusters: urban and rural areas. Then, a total of 10 wards were randomly selected
from the urban areas, while a total of 13 wards were selected randomly from the
rural areas. This gives a total of 23 selected wards used as the sampling wards. In the
fourth stage, six communities were selected randomly from each of the selected
wards of urban areas, which made a total of 60 communities from the urban areas.
On the other hand, another six communities were randomly selected from the
selected wards of the rural areas making a total of 78 communities used from the
rural areas. This gives a total of 100 and 138 sampled communities used in the
study. In the last stage, six households were systematically selected from each of the
selected communities of the urban areas making a total of 360 (i.e. 60  6 = 360)
households selected from the urban areas. On the other hand, five households were
selected systematically from each of the selected communities of the rural areas
making a total of 390 (i.e. 78  5 = 390) households selected from the rural areas.
Finally, a total of 548 households returned the filled questionnaires out of which
nine questionnaires were discarded.

4. Results and findings
This section contains the findings of this study. Since this study is a descriptive
and exploratory analysis, the tools that were used to analyse the data are the various
descriptive statistics, frequencies, percentages and correlation analyses.
4.1 Summary of descriptive statistics
This section provides information about the descriptive statistics. The major
descriptive statistics are the mean, standard deviation, minimum and maximum.
Table 1 exhibits the values of the summary statistics.
Table 1 shows that the monthly average consumption of firewood is about 35
bundles; this implies that on average, every household in Bauchi State uses more
than one bundle of firewood everyday, which is a clear reflection of the high rate of
firewood use in the state. Furthermore, the table indicates that the monthly average
income of a household is little bit more than USD 200, with the maximum value of
USD 600. This implies that most of the household in Bauchi State belong to the poor
income group. In fact, Bauchi State is the third poorest state in Nigeria [48].
Furthermore, the table indicates that the average firewood price per bundle is about
₦75 (about $0.40). Furthermore, it indicates that on average, the household size in
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Variables

N

Mean

SD

Min

Max

Gender

538

0.874

0.33

0

1

Age

536

36.43

11.7

23

60

Marital status

528

0.739

0.44

0

1

Household size

536

7.725

6.04

2

30

Location

537

0.538

0.50

0

1

Home size (ft )

536

52.42

19.3

20

110

2

Number of rooms

536

6.515

3.81

2

23

Cooking fuel main source

539

0.443

0.81

0

3

Hours of electricity

519

27.30

27.8

0

97

Price of firewood

483

76.67

35.3

30

220

Price of kerosene

361

126.6

27.1

45

200

Home appliances

535

15.37

13.1

0

57

Home ownership

535

0.213

0.41

0

1

Years of education

536

14.21

6.17

0

22

Lighting fuel main source

532

0.438

0.67

0

2

Firewood quantity

449

34.23

17.1

4

90

Income (USD)

536

224.0

180

78

600

Source: authors, 2019.

Table 1.
Summary of descriptive statistics of variables.

Bauchi state constitutes about eight members per household. This number approximately is tally to the estimated average household size in Bauchi state, given in
[49]. The table shows that the average weekly hours of electricity supply is only
27 hours; this clearly reflects the nature of inadequate supply of electricity in the
area, which is one of the factors that likely contributes to the high rate of biomass
fuel use as the main source of energy by households in Bauchi state. Table 1 further
shows that the average years of school experience by the heads of households in the
study area is 14 years, representing a schooling experience up to the Diploma/NCE
levels of education. Similarly, the reported average number of rooms in the building
in which each household lives is six. This number constitutes bedrooms, rest room,
sitting rooms and fallows. Additionally, the number of energy use devices possesses
at home such as: bulbs, fans, ACs, televisions and radios among others shows an
average value of 15 pieces of these items, which is clearly a reflection of low rate of
modern energy use by households in the study area. Lastly, the table shows that the
average age of household head in Bauchi state measured in terms of years is
36 years, which falls within the age group of working population.
4.2 Socio-economic characteristics of households in Bauchi state and their
pattern of energy consumption
The objective of this study is to explore and describe the socio-economic characteristics of households in Bauchi state, Nigeria, and their pattern of energy consumption. In this section, the study explored the socio-economic characteristics of
households in Bauchi state and their pattern of fuel consumption, based on the
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Characteristics

Frequency

(%)

CUM

Gender
Male

470

87.36

87.36

Female

68

12.64

100

16–30

187

34.89

34.89

31–45

229

42.72

77.61

46–60

97

18.10

95.71

Above 60

23

4.29

100

Single

138

26.14

26.14

Married

390

73.86

100

Non-formal education

55

10.26

10.26

Primary School

27

5.04

15.30

Secondary

95

17.72

33.02

Diploma/NCE

191

35.63

68.66

B.Sc./HND

124

23.13

91.79

Postgraduate

44

8.21

100

No standard job

59

11.09

11.09

Farmer

68

12.78

23.87

Teacher

106

19.92

43.80

Banker

17

3.20

46.99

Lecturer

18

3.38

50.38

Medical practitioner

37

6.95

57.33

Businessman

99

18.61

75.94

Others

128

24.06

100

150 and below

277

53.37

53.37

151–$300

98

18.11

71.48

301–$450

73

13.10

84.59

451–$600

56

10.02

94.61

Above 600

32

5.39

100

1–10

424

79.22

79.22

11–20

94

17.44

96.66

21 and above

18

3.34

100

Age

Marital status

Level of education

Occupation

Monthly income (USD)

Household size

Source: Authors, 2019.

Table 2.
Socio-economic characteristics of households in Bauchi state.
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study samples. Table 2 indicates the socio-demographic and economic characteristics of the respondents.
Table 2 shows that a majority of the respondents (87%) are males. This is
because based on the culture of people in the study area, normally males occupy
the position of household head; even in a situation when the father (the head) has
died, it is the younger brother of the deceased or the first born in the family, not the
mother, who emerges as a new head of the family. Because the belief is that, men
are stronger than women economically, socially and educationally. Therefore, a
woman emerges as a household head only by chance when there is no able man in
the family to look after the affairs of the family. Furthermore, Table 2 shows that
most of the respondents (61%) are within the age of middle adulthood stage
(31–60 years). This is because on average, the normal marriage age for males
(who are mostly the family head) begins from 25 years and above. The table further
indicates that about 75% of the respondents are married, due to the fact that
married people are regarded as responsible for overseeing the family affairs. The
remaining 25% are regarded as single person comprising the divorced, widowed and
separated. Regarding the family size, most of the respondents (80%) argued that
the size of their family members is within the range of 1–10, the range in which
the number of the average family size in Bauchi state reported earlier in [49] falls
(i.e. 8) and this study found the average size of a household to be 8 (see Table 1).
In addition, the categories of the education level attainment shows that those who
attended school up to the Diploma/NCE level have the highest rate (35%)
followed by those with the degree certificate (23%). Those who claimed that they
did not attend a formal school at all constitute about 10% of the respondents. Only
8% of the respondents claimed to have attended school at a postgraduate level.
Regarding the occupation of the respondents, of all those that have chosen a
stated category, teaching job (at primary or secondary levels) obtained the highest
proportion (about 20%). This is because teaching job at either primary or secondary
school levels is one of the easy to find jobs for both semi-professional
Characteristics

Frequency

(%)

CUM

421
114

78.69
21.31

78.69
100

305
112
106
13

56.90
20.90
19.54
2.43

56.90
77.80
97.34
100

35
138
300
27
36

6.53
25.75
55.97
5.04
6.72

6.53
32.28
88.25
93.29
100

289
248

53.82
46.18

46.18
100

Home ownership
Self-owned home
Non self-owned home
Number of rooms
1–5
6–10
11–15
16 and above
Home size (ft2)
1–24
25–49
50–74
75–99
100 and above
Home location
Urban area
Rural area
Source: Authors, 2019.

Table 3.
Households’ home characteristics in Bauchi state.
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(Diploma/NCE) and professional (Degree and above) workers. About 11% of the
respondents argued that they do not have a standard job; they are more of casual
workers. Additionally, the 24% of the respondents, which constitutes the other
occupation category as specified by the respondents themselves, comprises: tailoring, butcher, mechanic, welding, building construction, civil servant, businessman,
journalist, sheep and cattle rearing. Others are: carpenter, porter, sewing, blacksmith, commercial driver, prison service and wood cutter. At Last, on average, most
of the respondents (53%) argued that they usually earned a monthly income that is
below $150. This clearly indicates the high rate of poverty in the state especially in
the rural areas of the state.
Furthermore, among the factors that can shape the household pattern of energy
consumption and switching are the characteristics of the building in which the
household live. Table 3 contains the information of the home characteristics of the
households.
Table 3 shows that about 79% of the respondents argued that they live in their
self-owned home; this is especially in rural areas and some of the urban areas
Characteristics

Frequency

(%)

CUM

378
114
12
31

70.65
21.31
2.24
5.79

70.65
91.96
94.21
100

53
127
352

9.96
23.87
66.17

9.96
33.83
100

13.81
63.92
9.57
12.69

13.81
77.73
87.53
100

46.70
39.62
7.08
6.60

46.70
90.57
93.40
100

366
47
4
6

86.52
11.11
0.95
1.42

86.52
97.63
98.58
100

10
243
151
54
77

1.87
45.42
28.22
10.09
14.39

1.87
47.29
75.51
85.60
100

Main cooking fuel
Firewood
Kerosene
Electricity
Gas
Main source of lighting fuel
Traditional
Semi-electrical
Electricity

Average firewood consumption monthly(bundle)
1–19
20–39
40–59
60 and above

62
287
43
57

Average kerosene consumption monthly (litre)
1–15
16–30
31–45
46 and above

99
84
15
14

Average monthly expenditure on electricity (USD)
9 and below
10–19
20–29
30 and above
Number of energy use devices at home
Zero
1–10
11–20
21–30
Above 30
Source: Authors, 2019.

Table 4.
Household energy consumption pattern in Bauchi state.
87

Energy Efficiency and Sustainable Lighting - A Bet for the Future

whereby most of the houses are simple and traditional, mostly made of up mud,
such kind of houses are easy to possess or built. Furthermore, a majority of the
respondents (about 57%) claimed that the number of rooms in their home is within
the range of 1–5 rooms. These include: bedrooms, sitting rooms, and any other type
of rooms that are usually found at homes. On the size of plot in which the home was
built, a majority of the respondents (56%) argued that the size of the plot in which
their homes was built is within the range of 50–74 sq. ft. This implies that households in Bauchi state live in a relatively large house. At Last, on the location of the
respondents, 53% argued that they live in urban areas, while the remaining 47% live
in rural areas of the state.
However, the information on the pattern of household fuel source, quantity of
energy consumption and the amount of fuel expenditure is shown in Table 4.
Table 4 exhibits the pattern of households’ energy consumption behaviour in
Bauchi state. Based on the responses from the selected samples, a majority of the
respondents (more than 70%) argued that their main fuel source for cooking is
firewood. This is not surprising, but it reflects the clear picture of the situation in
Bauchi state whereby the majority of households in the state especially rural areas
adopt firewood as the main source of cooking fuel. This is also tally with the
information provided in [50]. Furthermore, 21% of the respondents argued that
they use kerosene as the major source of fuel for cooking; about 6% of the respondents use gas as the main cooking fuel source, and it is only less than 3% of the
respondents claim to be using electricity as their main source of cooking fuel,
mainly in the urban areas of the state. This pattern of main cooking fuel adoption is
mostly due to the culture, availability and affordability. On the main source of
lighting, about 10% of the respondents argued that they rely majorly on traditional
source of lighting such as: traditional lamp, kerosene and charcoal. Another category of respondents (24%) argued that they rely mostly on semi-electric source
of lighting such as: battery torch light and rechargeable lanterns to source light
for home use. However, the majority of the respondents argued that they rely
mostly on the available electricity as their main source of lighting. This implies
that most of households in Bauchi state despite the interruption in the supply of
the electricity rely mostly on electricity as their main source of lighting especially
urban dwellers.
4.3 Correlation analysis of factors influencing household energy consumption
in Bauchi state, Nigeria
In this section, a correlation analysis was conducted in order to explore the
nature of the correlation that exists among variables used in this study. Usually, a
negative value indicates negative relationship between variables and a positive
value indicates positive relationship between variables. Table 5 exhibits the correlation values for variables in this study.
Table 5 indicates the nature and magnitudes of correlations that exist between
the socio-economic characteristics of households in Bauchi state and the quantity of
energy consumption by households in the state. For instance, the correlation matrix
exhibits that there is a negative relationship between the quantity of firewood and
the price of firewood (r = 0.13), firewood quantity and level of education attainment (r = 0.07), price of kerosene and the quantity of kerosene (r = 0.07), and
hours of electricity and the kerosene quantity (r = 0.08). Furthermore, negative
relationships were found between monthly expenditure on electricity and variables
such as: household size, price of firewood and price of kerosene (with the correlation values: 0.08, 0.05 and 0.05, respectively). All these sings conform to a
priori expectations.
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Table 5.
Variables correlation matrix.

Source: Authors, 2019.
Note: AGE = age; EDU = education; HHS = household size; INC = income; RUM = number of rooms; LEC = hours of electricity supply; PFW = price of firewood/bundle; HPS = home appliances;
FWQ = firewood quantity; PKR = kerosene price per litre; KRQ = kerosene quantity; XEC = monthly expenditure on electricity; HSZ = home size.
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On the other hand, Table 5 indicates that there is a positive relationship between
firewood quantity and the household size (r = 0.22), kerosene quantity and the
variables such as: household size, income and firewood price (with the correlation
values: r = 0.05, 0.08 and 0.01, respectively). Additionally, positive relationships
were found to exist between monthly expenditure on electricity and other variables
such as: education, income and kerosene quantity. The values of the correlation
coefficients are: 0.19, 0.08 and 0.09, which are clear supports for a priori expectations and also support the findings of previous studies [1, 6, 29, 30].

5. Discussion of findings
The study found that the monthly average consumption of firewood is about 35
bundles; this implies that on average, every household in Bauchi state uses more
than one bundle of firewood everyday. Furthermore, the study found that the
monthly average income of a household is little bit more than USD 200, with the
maximum value of USD 600. This implies that most of the household in Bauchi
state belong to the poor income group. Additionally, the study found that average
weekly hours of electricity supply is only 27 hours; this clearly reflects the nature of
inadequate supply of electricity in the area, which is one of the factors that likely
contributes to the high rate of biomass fuel use as the main source of energy by
households in the state. Similarly, the reported average number of rooms in the
building in which each household lives is six. This number constitutes bedrooms,
rest room, sitting rooms and fallows. Additionally, the number of energy use
devices possesses at home such as: bulbs, fans, ACs, televisions and radios among
others shows an average value of 15 pieces of these items, which is clearly a reflection of low rate of modern energy use by households in the study area.
Furthermore, a majority of the respondents are males. This is because based on
the culture of people in the study area, normally males occupy the position of
household head; even in a situation when the father (the head) has died, it is the
younger brother of the deceased or the first born in the family, not the mother, who
emerges as new head of the family. Because the belief is that, men are stronger than
women economically, socially and educationally. Therefore, a woman emerges as a
household head only by chance when there is no able man in the family to look after
the affairs of the family. The study further found that about 75% of the respondents
are married, due to the fact that married people are regarded as responsible for
overseeing the family affairs. In addition, the occupation of the respondents indicates that of all those that have chosen a stated category, teaching job (at primary or
secondary levels) obtained the highest proportion. This is because teaching job at
either primary or secondary school levels is one of the easy to find jobs for both
semi-professions and professional workers.
Furthermore, the factors that can shape the household pattern of energy consumption and switching are the characteristics of the building in which the household live. The study found that about 79% of the respondents live in their selfowned home; this is especially in rural areas and some of the urban areas whereby
most of the houses are simple and traditional, mostly made of up mud, such kind of
houses are easy to possess or built. Moreover, a majority of the respondents (about
57%) claimed that the number of rooms in their home is within the range of 1–5
rooms. These include: bedrooms, sitting rooms, and any other type of rooms that
are usually found at homes. On the size of plot in which the home was built, a
majority of the respondents (56%) argued that the size of the plot in which their
homes was built is within the range of 50–74 sq. ft.
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Based on the responses from the selected samples, a majority of the respondents
argued that their main fuel source for cooking is firewood. This is not surprising,
but it reflects the clear picture of the situation in Bauchi state whereby a majority of
households in the state, especially rural areas, adopts firewood as the main source of
cooking fuel. This is also tally with the information provided in [50]. Furthermore,
21% of the respondents argued that they use kerosene as the major source of fuel for
cooking; about 6% of the respondents use gas as the main cooking fuel source, and it
is only less than 3% of the respondents claim to be using electricity as their main
source of cooking fuel, mainly in the urban areas of the state. This pattern of main
cooking fuel adoption is mostly due to the culture, availability and affordability. On
the main source of lighting, about 10% of the respondents argued that they rely
majorly on traditional source of lighting such as: traditional lamp, kerosene and
charcoal. Another category of respondents (24%) argued that they rely mostly on
semi-electric source of lighting such as: battery torch light and rechargeable lanterns
to source light for home use. However, the majority of the respondents argued that
they rely mostly on the available electricity as their main source of lighting.

6. Conclusions
This study conducted an exploration and descriptive analyses of the socioeconomic characteristics of households and the pattern of their energy consumption
(cooking and lighting fuel consumption) in Bauchi state, Nigeria. The study
explored that the average monthly income of a typical household in Bauchi state is
about USD 225. The study found that a majority of households in Bauchi state use
firewood as their main source of cooking fuel. On the other hand, most of the
households use electricity for lighting. Furthermore, it was found that there is a
positive relationship between income and the consumption of energy by households. Similarly, the same positive relationship was found to exist between household size and the consumption of firewood. On the other hand, the price of a
particular energy source has a negative relationship with its consumption. Therefore, there is a need for government to discourage the high rate of firewood use as
the main source of cooking fuel by embarking on the policies that will ensure the
switch away of household firewood fuel to other cleaner source of cooking fuel such
as electricity and gas.
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Chapter 5

Roof Lighting with Recycled
Plastic Bottles
Nancy Varela Terreros and Daniel Espinoza Díaz

Abstract
The carbon footprint currently produced on the planet forces universities and
government entities to seek solutions to basic services and other social needs,
which are positive with the environment. One of these solutions is linked to indoor
lighting without electric power consumption. The Moser lamp offers a solution
that takes care of environmental health and at the same time is accessible to social
sectors with lower purchasing power. This lamp consists of a water bottle with
chlorine exposed to sunlight. The test carried out by the authors collects data that
coincide with those obtained by Moser, in the sense that they generate the lighting
required for housing. The criteria of the authors are that more controlled trials
should be carried out in order to determine the replicability of the exercise, as well
as experiment with other elements to obtain chemiluminescence, mainly at night,
since the Moser lamp can only be used together with the sunlight. Examples of these
elements are luminol and synthetic luciferase and luciferin, which can chemically
provide luminescence indoors.
Keywords: Moser, lamps, illuminance, bottles, chlorine, water, sunlight

1. Introduction
According to data from the Latin American Energy Organization (OLADE), in
Latin America, there are areas that still lack electricity supply [1]. Simultaneously,
there is a growing carbon footprint in the region [2], while the entire population
does not have the basic economic means for subsistence.
The above is evident in Ecuador, where there is no 100% electrical coverage,
mainly in rural areas [3, 4], and there is a significant percentage of the population
that fails to cover the basic basket of foods. This indicator refers to the set of goods
and services that are essential to meet the basic needs of the typical household composed of four members with 1.6 income earners who earn the unified basic remuneration [5]. In this context, it is imperative to propose solutions for the satisfaction
of basic services that are friendly to the environment.
This document analyzes the proposal for an alternative solution to the supply
of electricity, low cost and made with recycling materials. This is the Moser lamp,
designed in 2002, by the Brazilian mechanic Alfredo Moser, who devised a lighting
system made with plastic bottles, water, and chlorine [6].
The objective of the chapter below is to analyze the viability of this system in
Ecuador. For this, its theoretical foundation and the possibilities of its use in the
country are analyzed. The chapter also presents the results of an experimental test
carried out by the authors, in a controlled environment.
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2. Socioeconomic context
2.1 Electricity coverage in Ecuador and Latin America
OLADE defines the electric coverage indicator as the total observation units
served divided by the total observation units in the country, according to Eq. (1):
j
jT

EE
IC j = 100x _

(1)

where
ICj coverage index with reference to the observation unit j
j
observation unit: houses, homes, or people
jEE number of observation units with electricity service
jT total number of observation units
According to OLADE, for the year 2010, in Latin America, the percentage of
electrical coverage is calculated from the number of electrified homes with reference to the number of occupied homes. The highest percentage was 99.75% for
Uruguay. According to this study, Ecuador had a coverage of 93.35% for the year
2010. Among the 27 member countries, 13 countries have coverage greater than
95%, 4 have coverage between 90 and 95%, 8 have coverage between 75 and 90%,
while 2 countries have coverage below 75%: Nicaragua, 60%; Haiti, 28%. The
overall percentage for the region is 92% [1].
In Ecuador, according to the official data presented by the Electricity Regulation
and Control Agency (ARCONEL), the annual coverage of the electric service
increased between a national total of 93.80% for the year 2008, and 97.33% for the
year 2017 [3]. These data are consistent with OLADE, and with those obtained by the
National Institute of Statistics and Census (INEC), which indicate that the electricity
service by public grid for the year 2014, at the national level was 98.4%, breaking
down this percentage into 99.7% for the urban area and 95.6% for the rural area [7].
The analyzed data indicate a reality: there is no total coverage of the electricity
service in the Latin American area in general, and in Ecuador, in particular, and as
indicated by census data, this lack of coverage would occur mainly in the rural area.
As a comparative fact, note that by 2014 the water coverage by public network in the
urban area was 92.5%, while in the rural area that coverage was 46.0%, that is, half
that in the urban area The sewer system by public network had a coverage of 77.1% for
the urban area and 22.3% for the rural area [7]. This scenario occurs in a country where
the National Basic Basket of Foods is USD 735, with an estimated minimum monthly
electricity consumption of USD 15, and a unified basic salary of USD 396 [5].
2.2 Carbon footprint
Belmaña defines the carbon footprint as “an indicator that allows accounting for
all greenhouse gases emitted by direct or indirect effect by an individual, organization, event or product” [8]. In relation to the production of CO2 that is generated as
a function of electricity consumption, Ignacio Cruz found in his study conducted
in Mexico D.F. that, in residential consumption, the production of CO2 went from
3.7 tons for the year 1990, to 4.4 tons in the year 2010 [9]. If it is estimated that
a 50-watt bulb lit for 14 hours a day for a year produces 200 kg of CO2, and it is
expected that in his daily life a person will light more than one bulb at a time, it is of
interest to find an alternative system for domestic lighting.
The World Bank, for its part, points out which main countries are in relation to the
production of the carbon footprint. The highest value is presented by Qatar in 2014,
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with 43.9 metric tons per year per individual, while for that same year the lowest
values are shared by Burundi, Somalia, and Sudan, which register zero production,
and Chad, Democratic Republic of the Congo, Ethiopia, Madagascar, Malawi, Mali,
Niger, Central African Republic, Rwanda, South Sudan, and Uganda, with 0.1 metric
tons per year per individual. Ecuador has a production of 2.8, which is consistent with
the average of Latin America and the Caribbean, of 3.1, for the year under study [10].
2.3 Proposal of a lighting system
With this background, this research is outlined on a natural lighting system, which
reduces the cost of housing for low-income families, and that simultaneously supports the reduction of the carbon footprint on the planet, through the use of recycled
plastic bottles and chlorine for daytime lighting. This system does not produce CO2,
and its cost is minimal in relation to electricity consumption, since only 10 ml of
chlorine is required for the production of a light unit or bulb. It is estimated that in
Ecuador the gallon of chlorine has an approximate cost of 2.50 USD, while electricity
costs around 0.08 USD/kWh at the lowest level of consumption [3], as of the date
of the present study. The practical reference used is the Moser lamp, authored by the
Brazilian Alfred Moser. The test detailed below will be based on this reference.
The beneficiaries of this research are expected to be:
• The inhabitants of rural areas in Ecuador that are not connected to the public
lighting network, or who want an alternative lighting system in order to reduce
housing maintenance costs
• Companies that want to innovate in lighting their roofs, warehouses, or storage
sites
• People without lighting service, anywhere on the planet

3. Moser lamp
Alfredo Moser is a mechanic from Sao Paulo, Brazil, who designed a lamp that
works without electricity. The formula proposed by Moser consists of filling a
recycled plastic bottle of 2 L with water, plus 10 ml of chlorine, and placing it in
the hole in the roof of a house [6]. According to an interview conducted by the BBC
in 2013 to the inventor of this technology, a lamp so designed produces between
40 and 60 watts, depending on sunlight. According to the BBC, this invention has
already been implemented in the Philippines, where 140,000 homes benefit from
this new technology. It has also been implemented in other countries such as India,
Bangladesh, Tanzania, Argentina, and Fiji [11].
Although the cost of implementing this technology could be subsidized by the
government, the criteria of the authors of this research is that this lighting solution
may well be assumed by the beneficiary families themselves, as it is based on the use
of components within reach of most of them:
• Recycled bottle of 2 L: this element can be acquired for this object or achieved
by recycling own bottles or other people’s bottles. In this sense, the user can
also be part of the solution for recycling other users’ plastics.
• Chlorine: 10 ml of chlorine is required to achieve the illuminance corresponding to a focus between 40 and 60 watts. In a minimum housing unit of 40 m2,
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Figure 1.
Scheme of the use of the Moser lamp.

10 bulbs of 40 watts, that is, 100 ml of chlorine, can be used to generate
acceptable illuminance. Since the gallon of chlorine, or 3785 ml of this chemical, has an average cost of USD 2.50, the cost necessary for this component of
the total lighting of the house is less than USD 0.10, which is affordable for a
family of limited resources.
• Water: based on the premise that homes are connected to the drinking
water system, it is expected that they can achieve this component easily and
economically. In addition, rural areas of Ecuador are geographically close to
rivers and other bodies of raw water that can provide free supply to areas of
extreme poverty that have no supply from the public drinking water network (Figure 1).

4. Carbon footprint in Ecuador
According to the World Wild Fund (WWF), the ecological footprint “adds
all the ecological services that people demand that compete for space” [12].
In Ecuador, the Ministry of Environment notes that “the ecological footprint
measures the amount of biologically productive land and water that an individual, a region, all of humanity, or a certain human activity requires to produce
the resources it consumes and absorb the waste generated” [13]. One of the
components of this ecological footprint is the carbon footprint. The Economic
Commission for Latin America and the Caribbean (ECLAC) accepts the definition of carbon footprint as “the amount of emission of gases relevant to climate
change associated with the activities of production or consumption of human
beings” and also indicates that this is the “amount of tons or kilos of carbon
dioxide equivalent of greenhouse gases, produced every day, generated from the
burning of fossil fuels for energy production, heating, and transportation among
other processes” [2].
In Ecuador, according to the Ministry of Environment, the ecological, individual
footprint of an Ecuadorian, until 2013, was 1.8 times lower than the world average.
However, within this component, the carbon footprint comprises 42% of the total
[13]. Hence, it is important to review the production of this component, based on
environmental care.
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5. Test performed
As part of this research process, the authors conducted a test in order to verify
the effectiveness of the Moser lamp. The test consisted in the elaboration of a scale
model elementary dwelling, made with basic materials, on whose roof three plastic
bottles of the Moser type were placed in order to measure the luminescence inside
the building.
The elements that were used were:
• Materials for scale model dwelling: the housing model was built with a wooden
recycling structure. The roof was made with pressed cardboard structure and
plastic cover.
• Bottles: the bottles used were 250 ml plastic containers for recycling.
• Chlorine.
The experiment sought to measure the luminescence produced by means unrelated to electrical energy and compare it with that produced by natural light.
The first references to luminescence were made by Eilhard Wiedemann in 1988
and Henry Joseph Round in 1907. Luminescence is defined by the EcuRed online
encyclopedia as “the emission of light by a substance without being motivated
by heat, so it is a form of length in cold” [14]. The Wolfram scientific dictionary
defines it as “any process in which energy is emitted from a material in a wavelength
different from that to which it is absorbed” [15].
Since the experiment sought to produce a light emission, the measurements were
made in lux (lx), which is the unit of the International System of Units (SI) that
measures the level of illuminance and is equivalent to lumen/m2. The lumen (lm)
is the SI unit that measures the luminous flux, which is a measure of the perceived
light output. Contextualizing, according to the Spanish Lighting Committee (CEI),
natural light outside produces “approximately 1000–2000 lux on a gray day and
100,000 on a sunny day” [16]. The Ecuadorian Construction Standard (NEC)
recommends a minimum lux level of 100 for bedrooms and a maximum of 750 lux,
for study or work rooms [17].
A Moser type test was performed to produce luminescence inside a home. An
experimental house was built, and the illuminance was measured in the following
situations:
• Outside, on a sunny day, prior to the test.
• Inside, before performing the test
• Inside, performing the test only with water
• Inside, performing the test with water and chlorine
The equipment used was a cell phone that used the Spectrum Genius Mobile
Plus (SGM +) application of AsenseTEK, which is a free software used for lighting measurement. Since this is not a lux meter, 100% or accuracy should not be
expected.
The test was carried out outdoors, at an altitude of 37 m above sea level between
1:00 pm and 2:30 pm on a sunny day. The results obtained were (Figures 2–5):
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Figure 2.
Scale model of the house, without roof, used in the test.

Figure 3.
Scale model of the house, with roof, before the test.

Figure 4.
Test with one bottle of water.
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Figure 5.
Test with three bottles with water and chlorine.

• Outdoor measurement:
○ 147.743 lux (13h23)
○ Range between 46.781 and 48.852 lux (13h44)
○ 136.453 lux (14h11)
○ 67.455 lux (14h21)
• Measurement inside, before carrying out the test:
○ 9 lux (13h23) unsupported measurement equipment
○ 28 lux (13h37) measurement equipment on the floor
○ 64 lux (13h37) measurement equipment supported on the roof beam
○ 16 lux (13h44) unsupported measurement equipment
○ 26 lux (14h11) measurement equipment on the floor
○ 72 lux (14h11) measurement equipment supported on the roof beam
• Measurement outside, with bottles filled with 200 ml of water:
○ 853 lux (13h40) with one single bottle
○ 924 lux (13h42) with two bottles
• Measurement outside, with bottles filled with 200 ml of water plus 10 ml of
chlorine:
○ 1739 lux (14h13) with three bottles
○ 1033 lux (14h12) with two bottles
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From what has been observed, the illuminance value obtained on average with
the use of chlorine, and without the use of chlorine, is within what is required for
indoor lighting. However, as a continuous solution, it is appropriate to use chlorine
to prevent the proliferation of bacteria inside the bottle that would dull the reflection of light.

6. Conclusions
There are three positive conclusions obtained from the test performed:
• The production of luminescence is the result only of the interaction between water
and the sun, with the participation of chlorine to prevent the flowering of bacteria.
In addition, it was experimentally proven that although there was significant
illuminance only with the use of water, it was superior if chlorine was added. None
of these elements result in the production of the carbon footprint. Therefore, its
use is feasible and positive in relation to the care of the environment.
• The material used for the bottles was recycled, and as stated earlier, water in
rural areas is freely accessible to many families or has a low cost. For research,
only a minimum value was invested for the acquisition of chlorine. This means
that families with lower resources have, in Ecuador, the option of using this
alternative to avoid or decrease the use of electric energy for lighting inside
homes. This can be used in remote rural areas, where by the year 2019 there
is no 100% coverage of the electricity service. This study has not analyzed
the socioeconomic reality of other Latin American countries; however, it is
expected that it can be used in other sectors of the region, with the unmet need
for lighting at home and with low economic resources.
• The previous conclusion implies a reduction in the basic basket of food as the
cost of electricity is reduced and in extreme cases, the cost of installing the
electricity service. Even if only this alternative is used for lighting, while using
electric power for other daily activities, this use reduces the monthly cost for
electricity consumption.
• The material used is not flammable; therefore, the risk of fire, which all electrical connections entail, is reduced. This point is of special interest in rural areas,
which may be more prone to such events.
A negative conclusion that should be considered is that this solution is only
viable during daylight hours, since it depends on sunlight outside. Therefore, the
position of the authors is that more studies should be carried out on this subject. It
is possible, for example, to find sources of luminescence through the use of luminol
or with the use of synthetic luciferin and luciferase, among other chemical reagents
that produce longer lighting time and which, being the result of a chemical reaction, do not require sunlight.

7. Recommendations
• The perforations of the ceiling plates selected for lighting should be completely
covered, in order to avoid subsequent damage to the roof, the entrance of
insects, or other small animals to the house and avoid rain or snow filtration.
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• The correct bottle size must be studied so that the roof does not collapse due
to fatigue. A maximum size of 2–2.5 L is viable without reinforcement. For a
larger size, it is suggested to reinforce the support structure.
• It is suggested to study the position of the sun with respect to the house to
be illuminated in order to find the appropriate angle that generates efficient
lighting.
• The test was carried out with colorless, transparent plastic. The point of view
of the authors is that a colored plastic would produce less lighting. Its use is not
suggested for this system.
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Chapter 6

Dimensioning of an Autonomous
Photovoltaic Installation: Case
Study in Msaken, Sousse (Tunisia)
Olfa Bel Hadj Brahim Kechiche, Marwa Hamza
and Habib Sammouda

Abstract
Renewable energy production has the potential to replace traditional fossil
energy and reduce the consumption invoice. In this context, a client wants to realize
an autonomous photovoltaic installation for his house that is under construction,
located in the city of Msaken, Sousse (Tunisia), in an isolated area of the network of
the Tunisian Company of Electricity and Gas (STEG) and will be inhabited by the
end of the year 2019. The installation autonomy must be 72 hours in case of bad
weather. Therefore, in this chapter, we will determine the technical characteristics
of each component of the installation to meet the customer’s energy needs and
ultimately provide the total price.
Keywords: autonomous PV installation, Msaken, Sousse (Tunisia), electrical need
estimation, PV field cost

1. Introduction
Among the major stakes of modern times is the electricity supply, either for
domestic consumption (of people) or for industrial consumption [1].
Tunisia is a country in the Middle East that lacks oil reserves. It depends entirely
on oil imports from neighboring countries to meet its energy needs. The continued
rise in oil prices as a result of increasing world demand and the contraction of oil
supply and regional instability put extreme pressure on the Tunisian economy,
resulting in difficulties and economic disturbances. The government has responded
quickly and actively to overcome the negative effects and deterioration of its economy by gradually reducing its support for consumer prices for electricity and
petroleum products.
For more than two decades, Tunisia has focused on the rational use of energy
and the development of renewable energies [2, 3]. Ambitious energy demand management programs have reduced the rate of growth of energy consumption and
substantially lowered energy intensity. In Tunisia, despite the great efforts and
works carried out by the Tunisian Company of Electricity and Gas (STEG), several
regions remain unconnected to the public electricity network. For example, outside
regions are far from cities. This is a major problem for the inhabitants of these
places.
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In this context, a client wants to realize an autonomous photovoltaic installation
for his house which is under construction, located in the city of Msaken, Sousse
(Tunisia), in an isolated area of the network of STEG, and will be inhabited by the
end of the year 2019. The installation autonomy must be 72 hours in case of bad
weather.
Therefore, an energy efficiency expert is contacted in order to determine
the technical characteristics of each component of the installation to meet the
customer’s energy needs and ultimately provide the total price.
This chapter is divided into three sections. In the first, we will determine the
energy needs of the customer. Then, through the second chapter, we will detail the
steps of sizing the solar system and its components. Finally, we will give the total
cost of the installation.

2. Electrical need estimation
Estimating the electrical needs consists of calculating the daily electrical energy
consumed by the users. Thus, the electrical needs will be expressed in Wh/day
(or kWh/day).
The methodology is as follows [4]:
• First, we have to identify all the electrical devices that will be powered by the
autonomous photovoltaic system. For each of these devices, the rated
operating power must be identified. So, we can rely on measurements directly
on site or the indications on the data sheets/signs of the devices.
• Then, we will estimate the daily use time.
• The electrical power product (in W) by the usage time (in h) will indicate the
daily energy consumed (in Wh) of the device. In the electricity field, it is
customary to use the W and the Wh as measurement units of the power and
the electrical energy, respectively.
Devices

Unit power Number
(W)

Incandescent lamp

Power
(W)

Daily energy production
(Ec) (kWh/day)

4

375

1.500

75

5

Incandescent lamp

25

2

1

50

0.050

TV LED

210

1

3

210

0.630

Mini fridge

180

1

24

180

4.320

Laptop

150

1

2

150

0.300

Laptop charger

3

2

1

6

0.006

Phone

10

1

5

10

0.050

Modem

4

1

9

4

0.036

Surveillance
camera

12

1

24

12

0.288

Washing machine

250

1

1

250

0.25

1247

7.43

Total

Table 1.
Daily energy consumption.
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• Finally, the sum of the calculated daily energies will give an overall assessment
of the building electrical needs.
The power needs and daily energy consumption are reported in Table 1.
The previous inventory allows us to draw up a balance of power and energy:
Total power: P ¼ 1247W.
Daily consumption: E ¼ 7:43 kWh=day.

3. Evaluation of the optimal PV module orientation and inclination
Latitude and longitude for Msaken: 35°430 45“ North and 10°34’50” East. This
city is located in the northern hemisphere [5].
Optimal inclination angle formula (autonomous PV system) is given by PVGIS
Software, and it is equal to 30° [6].
In Tunisia, the best orientation for a photovoltaic field is that of the south.
Indeed, it allows capturing a maximum of solar radiation throughout a day
and a year.
Solar irradiation represents the energy and the quantity of this energy depending
on the exposure of the object or the material that receives it. A horizontal surface
does not receive the same amount of solar energy as a vertical one. Thus it is
necessary to specify the configuration of the receiver.
The radiation varies along the year, and to project the system, it is necessary to
choose which irradiance to consider. Thus, in order to calculate the average value of
irradiation received by an optimally oriented and inclined surface, we use PVGIS
Software (Figure 1).
Assessing the available energy in Msaken area from PVGIS software, the following values are obtained for an optimal inclination of 30° with annual irradiation
deficit due to shadowing (horizontal) equal to 0% (Table 2):

Figure 1.
Map of Msaken with coordinates [6].
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Month
Jan

Hh

Hopt

H(30)

Iopt

2210

3220

3500

57

Feb

3110

4170

4380

50

Mar

4290

5070

5070

38

Apr

5330

5610

5300

23

May

6180

5950

5360

9

Jun

6760

6240

5470

2

Jul

6730

6340

5620

6

Aug

6300

6400

5910

17

Sep

4880

5560

5460

33

Oct

3720

4810

4980

47

Nov

2550

3680

3970

56

Dec

1960

5910

3180

59

Year

4510

5000

4850

30

Hh: irradiation on horizontal plane (Wh/m2/day); Hopt: irradiation on optimally inclined plane (Wh/m2/day); H(30): irradiation on
plane at angle: 30deg. (Wh/m2/day); Iopt: optimal inclination (deg.).

Table 2.
The calculation results using PVGIS software [6].

Total integration
Total integration is a mode which the module is
considered a roof element. This module plays the role as
a cover. As a result, ventilation on the underside is
difficult if not impossible.

Superimposed
The superimposed assembly consists of fixing the
photovoltaic modules above the cover. This type of
installation allows a simple and fast installation of
photovoltaic modules without roofing. Air can circulate
between the cover and the modules providing better
ventilation than full integration.

On chassis
The modules are usually mounted on a flat roof or
simply on the ground, this integration mode allows
maximum natural ventilation.

Table 3.
Types of PV panel integration in the building.
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Then in Msaken, the average value of irradiation received by an optimally
oriented and inclined surface, noted Ei and calculated using PVGIS Software is
about 5 kWh=m2 =day.

4. Integration of PV modules in the building
The house is under construction, so one of three methods (described in Table 3)
can be used for integrating PV modules [7]:
Consulting the client, he told us that the PV modules will be arranged using
superimposed method.

5. Installation production
5.1 Ratio performance (RP)
The ratio performance (RP) makes possible the quantification of the intrinsic
losses of the electrical installation. The performance ratio is, therefore, a number
ranging between 0 and 1 (or 0 and 100%) [8].
The RP is specific to each installation. Nevertheless, it is possible to estimate the
RP value [9]:
• The temperature coefficient of the power KT (P) is similar from one module to
another (order of magnitude: 0.4%/°C).
• The voltage drop in the cables is limited to 3%.
• Regulator output is similar from one regulator to another (97% of order of
magnitude).
• Battery performance is about 85%.
• The inverter efficiency is similar from one inverter to another (order of
magnitude: 95%).
• Other miscellaneous losses are similar from one facility to another (2% order of
magnitude).
The only really variable parameters are the integration mode and the presence or
absence of a MPPT device. Thus, we can draw up a general summary table of the RP
value (Table 4):

Modules with very
little ventilation

Modules with
little ventilation

Modules with
ventilation

Modules with
well ventilation

Without MPPT

0.55

0.60

0.65

0.70

With MPPT

0.60

0.65

0.70

0.75

Ratio
performance
(RP)

Table 4.
Value of the ratio performance according to the breakdown of the modules.
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In our case, PV modules are superimposed. Therefore, it will be considered that
this configuration allows the ventilation. In addition, we choose a regulator
equipped with a MPPT device: then, the ratio performance is equal to RP ¼ 0:7.
5.2 Peak power determination of the PV field
There is a simple analytical formula to estimate the peak power of the PV field,
noted as Pc :
Pc ¼

Ec Pi
�
Ei RP

(1)

where Pc is the peak power of the photovoltaic field; Ec is the daily electrical
energy potentially produced by the photovoltaic system, expressed in kWh/day, in
our case Ec ¼ 7:43 kWh=day; Pi is the illumination power under standard test
conditions (STC), expressed in kW=m2 . So Pi ¼ 1 kW=m2 ; Ei is the daily solar
irradiation, expressed in kWh=m2 =day, received by the photovoltaic field, in our
case Ei ¼ 5 kWh=m2 =day; RP is the performance ratio of the photovoltaic system,
in our case RP ¼ 0:7.
Then, the peak power of the photovoltaic field Pc is equal to Pc ¼ 2:123 kWp.
Thus, to ensure customer comfort, we suggest installing a PV array power
greater than or equal to 2:123 kWp.

6. PV field dimensioning
Figure 2 shows an autonomous photovoltaic installation schematic.
6.1 Number of solar modules and characteristics
Following the electrical requirement evaluation and the solar field, here, it is
possible to size the photovoltaic field. This operation consists firstly to calculate the
installation module number (Eq. (2)) [10]:
N¼

Pc
Pr

(2)

where N is the modules number; Pc is the peak power of the photovoltaic field;
in our case Pc should be greater than or equal to 2:123 kWp; and Pr is the rated
power of a PV module.
In the international market, there are several photovoltaic solar module technologies, as described in Figure 3:
Due to reduced manufacturing costs and maturity of the technology, crystalline
modules are expected to maintain a market share of up to 80% until at least 2017
[8]. Both monocrystalline and multi-crystalline module prices have decreased
considerably in the last years.
In this study, the PV module was selected due to few reasons that are worth to
mention: its performance, warranty, and high efficiency. Thus, the “Polycrystalline solar panel IBC PolySol 260W (265Wc)” is chosen, so Pr ¼ 260W. The
datasheet of this module is given in [11].
Then, the installation modules number is equal to N ¼ 10.
To size the solar controller, inverter, cables, etc., the following PV characteristic
parameters in the Standard Test Conditions (STC) will be used later. We remember
that the Standard Test Conditions (STC) are [8]:
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• Cell temperature: θ ¼ 25° ¼ T ¼ 298:16 K
• Incident radiation: G ¼ 1000 W=m2
• Spectral distribution of solar radiation: AM1:5
The electrical characteristics of the PV module in the STC:
• Rated power: Pmpp ¼ 260 W.
• Open-circuit voltage: V oc ¼ 38:07 V.

Figure 2.
Schematic of autonomous photovoltaic installation.

Figure 3.
PV technology classes [8].
115

Energy Efficiency and Sustainable Lighting - A Bet for the Future

• Maximum voltage: V mpp ¼ 30:57 V.
• Short circuit current: Isc ¼ 9:19 A.
• Maximum current: Impp ¼ 8:56 A
• Efficiency: η ¼ 15:5%
The thermal characteristics of the PV module in the STC:
• Temperature coefficient: T cPmpp ¼ �0:42%=K.
• Temperature coefficient: T cV oc ¼ �0:315%=K.
• Temperature coefficient: T cIsc ¼ 0:04%=K.
6.2 Dimensioning of the solar regulator
The solar regulator is a device that is positioned between the solar modules and
the batteries, also known as a charge controller. It is the guarantor of the energy
level stored in the batteries [12].
Its main missions are:
• To convert the output voltage of the solar panel into voltage adapted to the
charge of the batteries
• To protect the batteries by controlling their charge level. Once the batteries are
full, the regulator will cut off the park recharge. At the same time, it will stop
the power consumption of connected devices if the battery charge level falls
below a certain safety threshold (deep discharge limit)
• To avoid reverse currents and thus protect the panel
The solar regulator is therefore an indispensable control component for the
photovoltaic system. It protects the panels and batteries, thus, ensuring the system
durability.
Depending on the technologies used, current charge regulators have very good
yields, ranging from 85 to 98%.
On the market, there are two technologies of charge controller:
• PWM (pulse width modulation): This technology makes it possible to modify
the voltage of the signal coming from the panels to obtain a signal with a
voltage adapted to the charge of the batteries.
• Maximum power point tracking (MPPT): This technology, which is specific
to solar charge controllers, consists of scanning the voltage range across the
panel and determining the voltage for which the power produced will be
optimal. This allows optimizing the efficiency of the solar panels; the gain in
yield is around 10%. However, regulators equipped with MPPT technology are
more expensive than conventional regulators.
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For most installations, a PWM regulator will be suitable. For large installations
with multiple panels, MPPT regulators will be preferred. In our case, we use a
MPPT regulator.
The solar regulator dimensioning is carried out according to three major
parameters:
• Current compatibility
• Voltage compatibility
• Power compatibility
In this study, we choose Victron energy BlueSolar charge MPPT 150/100 as a
solar regulator. Thus, we will have to check the compatibility of this regulator with
this installation based on its datasheet [13] (Figure 4):
• Current compatibility: The PV module short circuit current is equal to
Isc ¼ 9:19 A under the STC conditions. The safety factor 1.25 should be applied
to the Isc , so, 1:25 � 9:19 ¼ 11:48 A.

Thus, in order to not exceed the regulator maximum current 30 A, the maximum
number of PV strings to be paralleled is 100=11:48 ¼ 8:7. Therefore, with this
regulator, we will be able to wire 5 strings in parallel.

• Voltage compatibility: If we use 5 strings in parallel, then each string will
consist of 2 modules in series. In this case, the open circuit voltage of the string
V ocT is 38:07 V � 2 ¼ 76:14 Vunder STC conditions.

A coefficient of 20% is added to this value to account for the ambient temperature
influence, 76:14 � 1:2 ¼ 91:368 V. According to the regulator datasheet, the
regulator input voltage must not exceed 150 V. Therefore, the use of 2 modules in
series validates this condition.
• Power compatibility: The photovoltaic module rated power (8 modules) is
equal to: PmppTðmodulesÞ ¼ 10 � Pmpp ¼ 10 � 260 W ¼ 2600 W. We identify,

Figure 4.
Victron energy ‘BlueSolar charge MPPT 150/100’ datasheet.
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in Figure 4, that the rated power of the MPPT regulator is PmppT ð24
2900 W ! PmppT ðregulatorÞ ≻PmppTðmodulesÞ .

VÞ

¼

Figure 5 shows the photovoltaic module association (5 strings, each string is
composed by 2 modules in series).
6.3 Battery dimensioning
The battery capacity must be able to cover all the electrical needs (Ec).
When we size the batteries’ capacity, we apply the following dimensioning rule
[12, 14]:
• Over the duration of the reserve autonomy (NJ)
• Without any solar energy contribution
• Without ever exceeding the maximum depth of discharge (PD)

Figure 5.
Photovoltaic modules association.
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6.3.1 Reserve autonomy
We define the notion of reserve autonomy which corresponds to the desired
day’s number during which the batteries are able to supply, without any additional
contribution from the photovoltaic field, all the electrical needs. We note NJ the
day’s number of reserve autonomy. The choice of NJ depends on the climatic
conditions of the site and more particularly the number of consecutive days without
sunshine. Usually, in Tunisia, NJ is fixed on 3 days.
6.3.2 Maximum depth of discharge
Repetition of deep discharges of the batteries should be avoided. Indeed, a too
deep discharge tends to produce lead sulfate which agglomerates at the level of the
electrodes. This phenomenon develops during the charging/discharging cycles and
amplifies all the more as the discharge is deep. Eventually, an insulating layer of

Figure 6.
SOLAR ASSAD battery datasheet.
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lead sulfate appears and prevents chemical reactions from occurring. Then, the
accumulator becomes unusable, or at least it is able to fall dramatically.
We note PD the maximum discharge depth of a battery.
In this study, we chose “SOLAR ASSAD” as solar battery, 12 V, capacity
Cb ¼ 230 Ah. Thus, we will have to check the necessary batteries number and serial
or parallel association based on its datasheet [15] (Figure 6).
The battery capacity CT is calculated using the following expression:
CT ðAhÞ ¼ ðEc � NJÞ=ðPD � UT Þ

(3)

where NJ is the number of days with insufficient sunshine (in our case
NJ ¼ 3 days); Ec is the daily electrical energy potentially produced by the photovoltaic system expressed in kWh/day, in our case Ec ¼ 7:43 kWh=day; UT is the
voltage in volt under which the battery is installed (12 V, 24 V, 48 V); in our case,
2 battery chains will be installed ➔ UT ¼ 24 V; and PD is the maximum discharge
depth of the batteries. In practice, a maximum depth of discharge of 70% is chosen.
Then, the battery capacity CT is equal to CT ¼ 1327 Ah.
When we size the capacity of the batteries, we can calculate the battery number
N b to be paralleled:
Nb ¼

CT
Cb

(4)

where CT is the batteries capacity, CT ¼ 1327Ah; and Cb is the battery capacity,
according to Figure 5, Cb ¼ 230 Ah.
Then, the battery number to be paralleled is equal to N b ¼ 6.
So the total battery number is equal to N bT ¼ 12: 2 battery chains (to obtain
24 V) on 6 parallel (to obtain capacity of 1327 Ah) (Figure 7).
6.4 Autonomous or off-grid inverter dimensioning
The off-grid inverter is the essential electronic device that converts DC low
voltage from a battery or other power source to 100–120 V or 220–240 V AC
voltage. Off-grid inverter produces a voltage wave, with an independent frequency
from the grid. Not only does the inverter convert DC to AC power, but it may also
regulate the PV system if correctly dimensioned according to the battery voltage
levels [12, 14].
Table 5 summarizes the recommended international standards for inverters
intended for photovoltaic applications. Each country adapts them to the specificities
of national functioning and regulation. Manufacturers are therefore slightly
modifying the final design of their products to meet the requirements of each
country [16].
In our case, the solar inverter is used to convert a 24 V battery DC voltage into
230 V AC voltage identical to that of the building electricity grid.
The off-grid inverter choice is based on three criteria:
• Part DC: On the DC side, the inverter must be adapted to the system voltage
imposed by the battery bank. In our case, the battery output voltage is equal
to 24 V.
• Part AC: On the AC side, the inverter will impose an output signal adapted to
the devices it feeds. In our case, the frequency voltage is equal to 50 Hz, and
the effective voltage value is equal to 230 V.
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Figure 7.
Batteries association.

• Rated power: The inverter rated power should cover the sum of the all user
powers. A sizing margin of 20–30% is recommended to ensure that the inverter
operates at an ambient temperature of 25°C. In this study, the user powers are
equal to 2123 Wp, so the inverter rated power should be greater than
2123 � 1:3 ¼ 2760 W.
In this study, we chose P3000–482 Off-grid DC to AC pure sine wave 24 V–
220 V solar inverter (Figure 8). Thus, we will have to check the compatibility of
this inverter with this installation based on its datasheet [17] (Figure 9):
In the next study, it is necessary to:
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• Determine the cables sections that cause the least possible drop in voltage
between the modules and battery-regulator-inverter and also between the
inverter and loads.
• Dimension the protection components such as fuses, switch, etc.
6.5 Dimensioning of the DC and AC cable
6.5.1 DC cable
The solar cables must comply with several regulatory constraints summarized in
the guide of the ETU C32–502 [18, 19].
These are specific cables subject to particular operating conditions. They must be
designed to operate with ambient temperatures between 35 and +70°C.
Thus, it is expected that:
• The maximum permissible core temperature at steady state is 90°C.

Table 5.
A summary of typical international codes and standards for PV applications.

Figure 8.
P3000-482 Off-grid DC to AC pure sine wave 24–220 V solar inverter.
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Figure 9.
Solar inverter datasheet [17].

• The maximum permissible core temperature in the overload condition is 120°C.
The cable section choice of the installation is made according to two major
criteria:
• Tolerated voltage drop
• The maximum current allowed in the cables
6.5.2 Determination of the conductor section between the panels and the regulator
The conductors section between the panels and the regulator can be calculated
using (Eq. (5)):
ρ�L
(5)
S¼
Rmax
where
1. ρ is the substance conductivity:
Copper: ρcopper ¼ 1:7 � 10�8 Ω m
Aluminum: ρAluminum ¼ 2:8 � 10�8 Ω:m
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Both values are calculated at 27°C. At higher temperatures, the material
resistance increases and the conductivity decreases.
In our case, the used conductors are copper.
2. The distance between the solar PV panels and the regulator is L ¼ 16 m
(outgoing and incoming cable).
3. The UTE C15-712 guide for PV installations indicates that the DC voltage drop
must be less than 3% and ideally 1%. In our case, it’s fixed at σ=1%. Then, at a
current of IscT ¼ 9:19 � 5 ¼ 45:95 A, the maximum resistance of the cable can
be calculated using (Eq. (6)):
Rmax ¼

V ocT � σ 38:07 � 2 � 0:01
) Rmax ¼ 0:0165 Ω
¼
IscT
45:95

(6)

Then, the conductor section is equal to:
S¼

ρ � L 1:7 � 10�8 � 16
¼
¼ 16:48 mm2
Rmax
0:0165

A cable cross-section of 16 mm2 is sufficient to maintain the loss below 1%.
6.5.3 Determination of the conductor section between the regulator and the batteries
Calculating the output current of a panels at its rated power:
I¼

Pc
2600
) I ¼ 108:33 A
¼
UT
24

(7)

The distance between the regulator and the batteries is L ¼ 3 m (outgoing and
incoming cable).
Then the conductor section is equal to:
S¼

ρ � L � I 1:7 � 10�8 � 3 � 108:33
¼ 23 mm2
¼
σ � UT
0:01 � 24

A cable cross-section of 25 mm2 is sufficient to maintain the loss below 1%.
6.5.4 AC cable
The AC cable section formula is as follows:
S¼

ðρ � b � L � I b Þ
ðε � V n Þ

(8)

where S is the conductors section (m2); b is the coefficient which is 1 in threephase and 2 in single-phase; V n is the nominal voltage: V n ¼ 230 V in single-phase
or V n ¼ 380 V in three-phase; Ib is the maximum current;
Ib ¼ VPcn ¼ 2123
230 ) I ¼ 9:23 A; ρ is the material resistivity (Ω m); in our case, the
used conductors are copper; and L is the conductor length (m). The distance
between the inverter and the loads is 30 m; ε is the AC voltage drop; and in our
case, it’s fixed at 1%.
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Figure 10.
The calculation results using "Sigma Tec" online calculator.

Then,



1:7 � 10�8 � 2 � 30 � 9:23
S¼
¼ 4:09 mm2
ð0:01 � 230Þ
AC cable cross-section of 6 mm2 is sufficient to maintain the loss below 1%.
To validate this calculation, we can use “SigmaTec” which is an online calculator
of cable sections [20]. Figure 10 shows an example of calculation.
6.6 Dimensioning of DC protection components
Every PV installation requires an AC protection box and a DC protection box.
These AC/DC electrical boxes protect the photovoltaic system on the DC part as
well as on the AC part.
The protection component characteristics will be chosen based on the following
standards and guides [18, 19]:
Standards:
1. IEC 60364–7-712: Rules for installations and locations special—photovoltaic
power supplies
2. Solar (PV) NF C 15–100: Low-voltage electrical installations and regulations
Guides:
1. Guide UTE C 15–712-1: Practical guide, installation of solar photovoltaic (PV)
generators.
2. UTEC guide 61,740–51 (2009): It concerns the tests of surge arresters for DC
application only. These tests are based on AC surge arrester standards but
differentiate for “end of life tests.”
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6.6.1 DC fuses
According to the UTE C15–712-1, the presence of fuse is always obligatory for
each of the photovoltaic chains, in order to protect the photovoltaic modules and
the cables of the currents being able to flow from the park of batteries toward the
panels (in particular in the dark period when the battery is able to discharge
through the photovoltaic field), in the case where the regulator’s nonreturn device is
inoperative.
In our case, we need five fuses on each of the two extremities of PV panels
(Figure 11).
6.6.1.1 Calibration of fuses
On the DC side, overcurrent occurs as back current. Above certain intensity, the
return currents can damage the photovoltaic modules.
In general, photovoltaic modules can support a maximum return current that
depends on the number of branches in parallel presented in Table 6:

Figure 11.
Fuses location in the PV system.
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Number of parallel chain

Maximum value of the return current in a chain

Nc = 1

0

Nc = 2

1.25  Isc

Nc = 3

2  1.25  Isc

Nc ≥ 1

(Nc1)  1.25  Isc

Table 6.
Fuses choice.

The use of fuses also allows the shutdown of a single photovoltaic chain in the
event of maintenance activities, thus avoiding the shutdown of the entire
installation.
The rated current IN of the fuses must, in accordance with the guide of the UTE
C15 712-1, comply with the following condition, (Eq. (9)):
1:1  Isc, max 1:25Isc ≤ IN ≤ IRM 2Isc

(9)

with IN being the rated current of the fuse or rated current of the fuse and IRM
being the maximum return current that can support a module without being
damaged
1:1  1:25  Isc ≤ IN ≤ 2  Isc

Then, 1:1  1:25  9:19 ≤ IN ≤ 2  9:19
12:6362A ≤ IN ≤ 18:38 A
In addition, the fuses used must have the following characteristics:
• Being specific to a DC application
• “Fast-melting”
• Being independent of the flow direction
• Having the gPV mark
By consulting the marketed product catalogs, the choice was set for gPV fuses
of 15 A caliber and 50 kA breaking capacities. Table 7 shows the fuse
characteristics [21]:
6.6.2 DC lightning protection
A lightning protection is required to protect the installations from high transient
voltages. Placed between the fuse of the panels and the batteries, it will be
Number
Rated current

15 A

Rated voltage

DC 1000 V

Breaking capacity

Table 7.
Fuse characteristics.
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connected to the ground in order to evacuate the lightning potentially attracted by
the metallic structure of the modules (itself connected to the ground) [22].
Lightning protection can contain different internal components such as spark
gaps or clipping diodes. These components are intended to quickly limit the voltages appearing at their terminals.
The choice between type 1 and type 2 lightning protections is determined from
Table 8.
The keraunic level of a site NK defines the number of thunderstorms per year in
a given place. It is determined by the map given by the weather Tunisia [23].
The Sousse keraunic level equals to 47, so in our case, NK ≥ 25; and so, the type
of surge arrester is type 2.
• The recommended minimum discharge current In is 5 kA. A higher value will
give a longer life.
• The voltage U c of a lightning protection must be greater than or equal to
1:2 � V oc of PV generator; we obtain U c ≥ 1:2 � 38:07 ¼ 45:68 V.
Table 9 shows the following lightning protection characteristics.
6.6.3 DC switch disconnector
An electrical distribution from solar energy requires the same protections as for
a conventional network. However, the DC side protections are special because
direct current is difficult to interrupt if an arc occurs.
In a photovoltaic installation, it is essential to be able to cut off the power, for
example, to carry out maintenance operations.
The switch disconnector choice must take into account the following criteria:
In ≥ 5 � 1:25 � Isc ) In ≥ 57:43 A
U e ≥ 2 � Voc ) U e ≥ 76:14 V
where In is the rated current of the switch disconnector (A) and U e is the rated
voltage of the switch disconnector (V).
Installation characteristics

NK ≤ 25

NK ≥ 25

DC side

AC side

DC side

AC side

Building or structure equipped with a lightning rod

Type 2

Type 1

Type 2

Type 1

Medium voltage supply by a line wholly or partly overhead

Type 2

Type 2

Type 2

Type 2

Medium voltage supply via a completely underground line

Type 2

Type 2

Type 2

Type 2

Table 8.
Lightning protection type choice [23].
Type
Rated voltage

DC 1000 V

Nominal discharge current In (8/20) μs

15 kA

Maximum discharge current I total (8/20) μs

20 kA

Table 9.
Lightning protection characteristic.
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Rated voltage

230/400VAC-50 Hz

Rated current

15 A

Table 10.
Switch disconnector characteristic.

6.7 Dimensioning of AC protection components
6.7.1 AC switch disconnector
The voltage at the inverter output is 230 V. In fact, the disconnector voltage
must be better than:
V e ≥ 230 � 1:14 ¼ 262:2 V
The inverter output current is equal to 10A. So the disconnector current is given by:
In ≥ 1:25 � 10 ¼ 12:5 A
Table 10 shows the characteristics of the switch disconnector.
6.7.2 Differential circuit breaker
The electrical installation is generally considered the occurrence seat of abnormally
high currents such as short circuit, overload, and indirect contacts. To guard against
the pervious defects, it is preferable to install a differential circuit breaker to cut the
installation if necessary. On the AC side of a photovoltaic installation, a differential
magnetothermic circuit breaker upstream of each inverter must be installed.
6.7.3 AC lightning protection
On the AC side of a photovoltaic installation, we will install a lightning protection in order to protect the entire installation.

7. Results and discussion
This study throws light on the following points:
1. In Msaken, the solar irradiation varies between a minimum of 3.22 kWh/m2/day
and a maximum of 6.4 kWh/m2/day, while mean value remained as
5 kWh/m2/day.
2. The energy need of the customer was identified at 7.43 kWh/day which
corresponds to a photovoltaic field peak power Pc equal to Pc ¼ 2:123 kWp.
3. The proposed solution is to install 10 PV modules of total power 2600 W,
while the necessary power is 2123Wp. Thus, the customer can supply another
electrical device without the need to modify the PV installation.
4. It is recommended to improve the energy efficiency of the building by
studying the characteristics of each load and by proposing to the customer to
replace the existing loads by others that are more economic.
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Components

Quantity

Unit price
(Euro)

Total price
(Euro)

10

253

2530

Victron energy e BlueSolar charge MPPT 150/100

1

816

816

Solar battery ASSAD

12

202,617

2431,404

P3000-482 Off-grid DC to AC pure sine wave 24–
220 V

1

305

305

Differential circuit breaker

1

26

26

AC/DC lightning protection

2

88.96

177.92

DC fuses

5

12

72

AC switch disconnector

1

36

36

DC switch disconnector

Solar panel polycrystalline IBC PolySol 260 W

DC cables 25 mm

1

170

170

2

3m

9.9

29.7

2

16 m

2.6

41.6

30 m

1.32

39.6

5

30

150

DC cables 16 mm
AC cables 6 mm

2

Structure
Maintenance and operational costs (Euro/year)
Total

31.5
6856.724

Table 11.
PV field installation cost.

7.1 Cost analysis
The PV field installation cost is reported in Table 11.

8. Conclusion and prospects
The objective of this chapter was to design and present a photovoltaic system, in
the form of an autonomous power supply system for a future house located in an
isolated area in Msaken, Sousse (Tunisia). An energy need analysis of the customer
was carried out in order to properly size the various components of the installation.
The autonomous system presented in this chapter leads to a continuous lighting
supply of the load for 72 hours. In comparison, a system connected to the network
in Tunisia would lead to occasional power outages, affecting the entire installation.
To obtain a robust solar system, the photovoltaic panels must be supplemented
by a charge controller, a group of batteries, and an inverter. The recommended
panel assembly consists of 10 polycrystalline 260 W photovoltaic modules. The
installation must be installed at an angle of 30° south. A charge controller regulates
the charge of 12 batteries “SOLAR ASSAD” of 230 Ah. An inverter is used to supply
loads with alternating current. The total investment cost of the system is
6856.724Euro.
Although the results obtained in the calculations can be considered valid, some
improvements can be made to the calculation method to obtain more accurate
results. Thus, as short-term prospects, it will be necessary to:
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• Obtain more accurate meteorological data for optimized sizing of plant
components.
• Reconfigure the PV modules taking into account the optimal spacing between
the rows, and optimize the shading losses.
• Validate the sizing performed using specific software such as PVsyst and
Archelios™.
• Study in more detail the future requirements of the customer such as external
lighting systems with auxiliary energy saving and efficiency systems such as
LEDs, voltage stabilizers, etc., and calculate whether the PV system designed
meets these requirements.
• Conduct a more in-depth study on the costs associated with the PV installation
analyzed. Try to obtain the cost of the components/services of a photovoltaic
project located in Tunisia.
• Include an environmental analysis of the PV project.
• Try to apply the calculation method developed with other photovoltaic
modules, regulators, batteries, and inverters, with a different tracking system
or located on another site, and check if the results are consistent with the
results previously obtained.
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Abstract
Electricity from PKL tree has been developed using PKL extract previously. In this
work, electricity production has been developed using living PKL tree. It has been
studied that an electrochemical cell has been developed using living PKL tree. The
experimental data have been demonstrated in that way, hence this method is feasible
and effective. Electricity has been conducted from PKL (Pathor Kuchi leaf) using PKL
extract with positive and negative electrodes. Several research papers have been
published on it in the recognized journal at home and abroad. This research work has
expressed the electricity generation from living PKL tree. It can be found that due to the
difference of the pH between the soil and the living PKL tree, electricity can be produced. The performance of this electricity has been studied. This work has been developed by authors, which produced electricity from living PKL tree without damaging the
PKL plants. The unused suitable land areas such as hilly areas, forest areas, and coastal
areas, those could supply clean power for remote communities all over the world.
Keywords: cultivation, living PKL electricity, performance, capacity,
energy efficiency

1. Introduction
Pathor Kuchi leaf is known as a medicinal leaf from ancient time. It has a great
medicinal value, it is used for different kinds of diseases like dysentery, cholera,
typhoid, kidney disease, etc. In the West Bengal, India there is no alternative about
Pathor Kuchi leaf for folk medicine. People are using the leaf as a folk medicine. But,
nowadays, it is using to generate electricity for low and medium power production
[1–18]. Generally Zn and Cu metal is used as an electrode and the PKL extract is used
as a source of the electricity [19–38]. Clean energy sources, which are pollution free
and environmentally friendly, are one of the key challenges of world’s future society.
The traditional sources of energy oil, gas and coal are diminishing day by day
rapidly. Bangladesh is mainly dependent on gas based electricity. Conventional
sources of energy will be finished within 2100 across the world. We have to depend
on renewable energy sources like solar energy, wind energy, biogas energy, biomass
energy, geothermal energy, wave energy, tidal energy, OTEC and hydropower, etc.
PKL power from living PKL tree is the source of biomass energy. It is an innovative
work around the world [39–44]. The solar PV system is providing electricity in the
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remote areas. But during night time it is needed battery which is expensive. So that
living PKL tree power can play an important role to provide electricity along the
remote areas across the world.
Pathor Kuchi leaf is known as a medicinal leaf from ancient time. Because it has
a great medicinal value, it is used for different kinds of diseases like dysentery,
cholera, typhoid, kidney disease, etc. In the West Bengal, India there is no alternative about Pathor Kuchi leaf for folk medicine. People are using the leaf as a folk
medicine. But now a days, it is using to generate electricity for low and medium
power production [1–18]. Generally Zn and Cu metal is used as an electrode and the
PKL extract is used as a source of the electricity [19–29]. Sustainable energy sources,
which are pollution free and environmentally friendly, are one of the key challenges
of world’s future society. Researchers discovered that living plants are literally
“green” power source, which may become one of future's electricity supplies that
perfectly integrates in natural environments and is accessible all over the world. The
issues of the global warming are the responsible for the generation of electricity
using conventional energy sources like oil, gas and coal. The climate change is
distributed due to un-balanced eco-system around many part of the world. It is
difficult to protect the world from global warming in an artificial way, although a
numerous science and technologies are booming surrounding us. It was possible to
produce 1.1 V using voltaic cell method. Some researchers were possible to get
1.221 V [45–60] using single Ag/Zn-Aloe Vera cell without using any kind of boost
converter and conditioning circuit. If we can generate electricity from living plants
or trees, everyone wants to be planting the trees in ones surroundings for getting
electricity. Governments of many countries also suggested and motivated such a
process of plantation of trees and plants to get electricity [61–75]. As a result, the
number of plants and trees in the globe will also increase, which indirectly will save
our planet from the serious issue of global warming by the process of plantation in
near future. It may be said that living plant & tree power is improbable to replace
the power sources for the most of applications after finishing the fossil fuels. Also
this kind of living plants and trees electrical system could provide low cost, continuous, pollution free and sustainable power system around the globe.

2. Methods and materials
The research methodology of the project is described as follows:
The electrons are living around PKL plant roots those are a waste product of
bacteria. PKL tree excretes organic matter into the soil, which is broken down by
bacteria. The electrons are released in the breakdown process and then it is possible
to harvest electricity by using electrodes without affecting the plant’s and leaf’s
growth of the PKL in any way.
Figure 1(a) and (b) shows the PKL tree in a tub and Figure 1(c) shows the
cultivation of PKL in the open field for electricity generation.
Figure 2(a) shows the cultivation of PKL electricity through PKL living tree’s
leaf and (b) and (c) shows the cultivation of tree’s leaf electricity. Figure 2(d-m)
also shows the cultivation of PKL electricity through PKL living tree’s leaf.
Finally the methodology of the project can be divided by the following:
i. Design and fabrication: Easy assembly, low fabrication cost, long life and
high production efficiency are the key factors of the design and the operation
and maintenance would be simple, easy and low cost.
ii. Field experiments: The production efficiency of the project will be
evaluated by field experiments. A set of experiments will be carried out.
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Figure 1.
Cultivation of PKL.

The effect of various factors such as open circuit voltage, short circuit
current, voltage regulation, internal resistance, power & energy density,
columbic efficiency, voltaic efficiency and energy efficiency will be observed.
iii. Design parameter: It may modify the design parameters of electricity
production to fix any shortcomings regarding operational, maintenance,
durability, quality and quantity. A further improved PKL electricity can be
implemented in an arid, remote or a coastal area to remove the difficulties in
acquiring green electricity and to save many human lives
iv. Cost analysis: The fabrication cost of PKL electricity will be calculated and
be compared with other conventional techniques. The produced PKL
electricity selling cost will be obtained and be compared with the commercial
electricity price
v. Electricity quality evaluation: The quality of the produced electricity will
be examined and monitored regularly to compare with PDB standards for
electricity using.
vi. A simulation model: A theoretical production model of PKL electricity
based on DC and AC theory may be developed
2.1 Definition of different parameters
i. Open circuit voltage Voc:
The voltage without load is called open circuit voltage [51–53, 76–85]. Generally,
it is denoted by Voc.
ii. Short circuit current Isc:
The current without load is called short circuit current. Generally, it is denoted
by Isc.
iii. Voltage Regulation VR:
It is defined by the following equation [54–60]:
VR ¼
137

V NL � V FL
� 100%
V FL

(1)
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Figure 2.
Cultivation of electricity from living PKL.
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where VR = voltage regulation, VNL = no load voltage, VFL = full load voltage.
Generally, VR ≈ 0 is desire, which is practically impossible [83–86].
i. PKL power density (PD) [83, 84]:
It is defined as the power extraction per kg PKL (Pathor Kuchi leaf).
The Power Density ðPDÞ ¼

Power extraction ðwattÞ
kg

(2)

i. Energy density (ED) of PKL [85–94]:
It is defined as the energy (kWh) per liter:
The energy density ðEDÞ ¼

power extraction ðkWhÞ
litre

(3)

Capacity of the PKL cell (AH)[95–104]:
How much current you will get for long time.
Generally, it is denoted by C.
∴ C ¼ AH
where A = current in ampere and H ¼ Time in hour.
i. Energy efficiency of a PKL cell (ηc) [105–114]:
It is defined by the following equation:
ηC ¼

Pout V out It V D ID tD
¼
¼
Pin
V C I C tC
V in It

(4)

where ηC ¼ energy efficiency, VD = discharging voltage; ID = discharging current,
tD = discharging time, VC = charging voltage, Ic = charging current, tc = charging time.
i. Maximum power Pmax [115–119]:
It is defined by the following equation:
Pmax ¼ V OC ISC

(5)

where Pmax = maximum power, VOC = open circuit voltage, ISC = short circuit
current.
i. Load power PL:
It is defined by the following equation [120–123]:
PL ¼ V L IL

(6)

where PL = load power, VL = load voltage, IL = load current.
i. Fill factor:
It is defined as FF = (VmIm)/(VocIsc), where Vm = useful voltage, Im = useful current,
Voc = open circuit voltage, and Isc = short circuit current [20, 34–38, 66–89, 124, 125].
ii. Standard PKL cell condition: The standard state condition of a solar cell is:
The standard open circuit voltage of the solar cell is 0.5 V. The short circuit
current of a solar cell = 0.5 A. The standard temperature of a extract of the
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PKL cell = 25°C. The standard pressure = 1 atm pressure = 760 mm Hg
pressure [90–114].
2.2 Vernacular name of the PKL
i. Stone chips
ii. Air plant
iii. Miracle leaf
iv. Mother of thousands
v. Mother of millions
vi. Leaf of life
vii. Devil’s back bone
viii.Pregrant leaf
ix. Monekey’s ear
x. Moneky ears
xi. Sotri
xii. Sotre, etc. [61–64]
2.3 Land situation in Bangladesh for cultivation of PKL
Total land = 55,000 sq. miles [24, 65–73]
1 square mile ¼ 640 acres

¼ 3, 500, 000 acres=2:5 ¼ 14, 080, 000 hectors
Total land (TL) in hector
Therefore, the nonagricultural land (NAL)
= 5,580,000 hectors.
The 2% of NAL
¼ 111600 hectors � 7:5 ¼ 837000 Bigha ½1 hector ¼ 7:5 bigha�
From 1 Bigha PKL, we can get 100 kW electricity.
From 837,000 Bigha PKL, we can get 83,700,000 kW electricity = 83,700 MW.
The AL (agricultural land) is needed to cultivated foods and crops [81–89]. The
NAL is needed for housing, roads and other multipurpose use. So that the NAL of
coastal areas, hilly areas and both sides of the road can be used for cultivation of
PKL to generate electricity in Bangladesh, which would be approximately 2% of
NAL [90–94].
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2.4 Cultivation of PKL in Bangladesh
The cultivation of PKL is so much easy [126, 127]. This plants grow whether its leaf
is kept on the ground and hence can be cultivated in a vested land, roof top of the
house, courtyard and tubs what so ever [115–123]. Its leaves can be used for producing
electricity within a month after cultivation of the plants [65–75, 124, 125, 128, 129].
2.4.1 E significance/rationale
The significance of the work is given by the following:
i. It is renewable energy sources
ii. It is biomass energy
iii. It is environment friendly
iv. It is echo friendly
v. It is cost effective
vi. It can be cultivated by anybody
vii. Even a handicapped person can cultivate this energy
viii.Unused land can be used for this purposes
ix. The two sides of the road across the country can be used to cultivate electricity
x. The PKL tree grows everywhere even in the sand
xi. The people of the remote areas can be used this power
xii. This technology is developed locally
xiii.This technology is innovated in Bangladesh
xiv.It can compare with solar PV electricity
xv. It will not need any extra battery during night time
xvi.It will work same during day and night time
It will also work same during rainy season whereas solar PV works less during
rainy season.

3. Results and discussion
3.1 Selection of electrode pair as an energy source for living PKL electricity
cultivation
It is shown in Table 1, the collected voltage has been tabulated using different
electrodes of Cu/Zn, Cu/Fe, Al/Zn and Cu/Al.
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Date

Local
time

05/10/18 08 AM

Time
duration (h)

Voltage
(Cu/Zn)
in volt

Voltage
(Cu/Fe)
in volt

Voltage
(Al/Zn) in
volt

Voltage
(Cu/Al)
in volt

Comments

00

0.95

0.61

0.42

0.5

Single pair

Do

09 AM

1

0.95

0.61

0.41

0.50

Do

Do

10 AM

2

0.95

0.60

0.40

0.51

Do

Do

11 AM

3

0.95

0.60

0.39

0.50

Do

Do

12 PM

4

0.95

0.61

0.40

0.49

Do

Do

13 PM

5

0.95

0.60

0.39

0.48

Do

Do

14 PM

6

0.95

0.61

0.38

0.48

Do

Do

15 PM

7

0.95

0.61

0.38

0.48

Do

Do

16 PM

8

0.95

0.60

0.37

0.48

Do

Do

17 PM

9

0.95

0.61

0.36

0.48

Table 1.
Data for voltage harvesting for single pairs of electrodes.

Figure 3.
Voltage-time duration profile for Cu/Zn single electrodes.

It is shown from Figure 3, the highest open circuit voltage (Voc) for Cu/Zn
single electrodes is 0.95 V and the lowest open circuit voltage (Voc) is also 0.95 V.
So that the difference between the highest and lowest open circuit voltage (Voc) is
zero volt.
It is shown from Figure 4, the highest open circuit voltage (Voc) for Cu/Fe single
electrode is 0.61 V and the lowest open circuit voltage (Voc) is also 0.60 V. So that
the difference between the highest and lowest open circuit voltage (Voc) is 0.01 V.
It is shown from Figure 5, the highest open circuit voltage (Voc) for Al/Zn
single electrodes is 0.42 V and the lowest open circuit voltage (Voc) is also 0.36 V.
So that the difference between the highest and lowest open circuit voltage (Voc) is
0.06 V.
It is shown from Figure 6, the highest open circuit voltage (Voc) for Cu/Al single
electrodes is 0.51 V and the lowest open circuit voltage (Voc) is also 0.48 V. So that
the difference between the highest and lowest open circuit voltage (Voc) is 0.03 V.
Finally, it is concluded that, Figures 3–6 shows the variation of Voltage with the
variation of time duration profile for Cu/Zn single electrodes. It is shown that the
Cu/Zn single pair electrode produces the highest open circuit voltage around 0.95 V.
It is also shown that it is almost constant for 9 h. Whereas the Cu/Fe, Al/Zn and
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Figure 4.
Voltage-time duration profile for Cu/Fe single pair electrodes.

Figure 5.
Voltage-time duration profile for Al/Zn single pair electrodes.

Cu/Al producing highest open circuit voltages are 0.61, 0.42, and 0.5 V, respectively,
the lowest open circuit voltages are around 0.60, 0.36, and 0.48 V, respectively.
Finally, it is found and suggested that the Cu/Zn single pair electrode produces the
highest open circuit voltage (Voc) around 0.95 V and the Al/Zn single pair electrodeproduces the lowest open circuit voltage (Voc) around 0.42 V. It is also found that for
Cu/Zn, Cu/Fe, Al/Zn and Cu/Al single pair electrodes, the cultivated voltage was
stable up to 9 h during day time. The lowest open circuit voltage (Voc) difference for
Cu/Zn single pair electrodes is zero (0) V and the highest lowest open circuit voltage
(Voc) difference for Al/Zn single pair electrodes is 0.06 V.
It is shown in Table 2, the harvested voltage has been tabulated using different
two pair electrodes of Cu/Zn, Cu/Fe, Al/Zn and Cu/Al with series combination.
It is shown from Figure 7, the highest open circuit voltage (Voc) for Cu/Zn
double electrodes is 1.85 V and the lowest open circuit voltage (Voc) is also 1.78 V.
So that the difference between the highest and lowest open circuit voltage (Voc) is
0.07 V. Whereas it was zero (0) for Cu/Zn single pair electrodes. The reason behind
it is that due to the connection of the electrodes by the wires, because it grows
resistance for long wires due to the connections.
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Figure 6
Voltage-time duration profile for Cu/Al single pair electrodes.
Date

Local
time

05/10/18 08 AM

Time
duration (h)

Voltage (Cu/
Zn) in volt

Voltage (Cu/
Fe) in volt

Voltage (Al/
Zn) in volt

Voltage (Cu/
Al) in volt

Comments

00

1.85

1.19

0.80

1.0

Two pairs

1.84

1.20

0.81

1.0

Do

Do

09AM

1

Do

10 AM

2

1.82

1.18

0.80

1.0

Do

Do

11AM

3

1.83

1.18

0.79

1.0

Do

Do

12PM

4

1.82

1.17

0.80

0.98

Do

Do

13PM

5

1.80

1.17

0.79

0.95

Do

Do

14 PM

6

1.80

1.16

0.78

0.94

Do

Do

15 PM

7

1.80

1.17

0.78

0.94

Do

Do

16 PM

8

1.80

1.17

0.77

0.94

Do

Do

17 PM

9

1.78

1.16

0.76

0.93

Table 2.
Data for voltage harvesting for double pairs of electrodes (connected in series with each other).

Figure 7
Voltage-time duration profile for Cu/Zn double pair electrodes.
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Figure 8
Voltage-time duration profile for Cu/Fe double pair electrodes.

Figure 9.
Voltage-time duration profile for Al/Zn double pair electrodes.

It is shown from Figure 8, the highest open circuit voltage (Voc) for Cu/Fe
double electrodes is 1.20 V and the lowest open circuit voltage (Voc) is also 1.16 V.
So that the difference between the highest and lowest open circuit voltage (Voc) is
0.04 V. Whereas it was 0.01 V for Cu/Fe single pair electrodes. The reason behind it
is that due to the connection of the electrodes by the wires, because it grows
resistance for long wires due to the connections.
It is shown from Figure 9, the highest open circuit voltage (Voc) for Al/Zn
double electrodes is 0.81 V and the lowest open circuit voltage (Voc) is also 0.76 V.
So that the difference between the highest and lowest open circuit voltage (Voc) is
0.05 V. Whereas it was 0.04 V for Al/Zn single pair electrodes. The reason behind it
is that due to the connection of the electrodes by the wires, because it grows
resistance for long wires due to the connections.
It is shown from Figure 10, the highest open circuit voltage (Voc) for Cu/Al
double electrodes is 1.0 V and the lowest open circuit voltage (Voc) is also 0.93 V.
So that the difference between the highest and lowest open circuit voltage (Voc) is
0.07 V. Whereas it was 0.03 V for Cu/Al single pair electrodes. The reason behind
it is that due to the connection of the electrodes by the wires, because it grows
resistance for long wires due to the connections. From the above results it is shown
that the difference between the highest and lowest voltage output increases for
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Figure 10.
Voltage-time duration profile for Cu/Al double pair electrodes.

Date

Local
time

Time
duration
(h)

05/10/18 08 AM 00

Voltage
(Cu/Zn) in
volt

Voltage
(Cu/Fe) in
volt

Voltage
(Al/Zn) in
volt

Voltage
(Cu/Al) in
volt

Comments

2.70

1.77

1.20

0.99

Three pairs

Do

09 AM 1

2.71

1.77

1.20

0.98

Do

Do

10 AM 2

2.70

1.76

1.19

0.98

Do

Do

11 AM 3

2.69

1.76

1.19

0.98

Do

Do

12 PM

4

2.68

1.76

1.19

0.98

Do

Do

13 PM

5

2.68

1.75

1.19

0.97

Do

Do

14 PM

6

2.68

1.75

1.18

0.97

Do

Do

15 PM

7

2.68

1.75

1.18

0.97

Do

Do

16 PM

8

2.68

1.75

1.18

0.97

Do

Do

17 PM

9

2.68

1.75

1.18

0.97

Table 3.
Data for voltage harvesting for double pairs of electrodes (connected in series with each other).

Cu/Zn, Cu/Fe, Al/Zn and Cu/Al double pair electrodes than the Cu/Zn, Cu/Fe,
Al/Zn and Cu/Al single pair electrodes.
It is shown in Table 3, the harvested voltage has been tabulated using different
three pair electrodes of Cu/Zn, Cu/Fe, Al/Zn and Cu/Al with series combination.
It is shown from Figure 11, the highest open circuit voltage (Voc) for Cu/Zn 3electrodes is 2.70 V and the lowest open circuit voltage (Voc) is also 2.68 V. So that
the difference between the highest and lowest open circuit voltage (Voc) is 0.02 V.
Whereas it was zero (0) for Cu/Zn single pair electrodes and 0.07 V for double
electrodes respectively. The same reason behind it is that due to the connection of
the electrodes by the wires, because it grows resistance for long wires due to the
connections.
It is shown from Figure 12, the highest open circuit voltage (Voc) for Cu/Fe
three electrodes pair is 1.77 V and the lowest open circuit voltage (Voc) is also 1.75 V.
So that the difference between the highest and lowest open circuit voltage (Voc) is
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0.02 V. Whereas it was zero (0) for Cu/Fe single pair electrodes, 0.04 V for double
electrodes respectively. The same reason behind it is that due to the connection of
the electrodes by the wires, because it grows resistance for long wires due to the
connections.
It is shown from Figure 13, the highest open circuit voltage (Voc) for Al/Zn 3electrodes pair is volt and the lowest open circuit voltage (Voc) is also 1.65 V. So that
the difference between the highest and lowest open circuit voltage (Voc) is 0.02 V.
Whereas it was zero(0) for Cu/Fe single pair electrodes and 0.04 V for double
electrodes respectively. The same reason behind it is that due to the connection of
the electrodes by the wires, because it grows resistance for long wires due to the
connections.
It is shown from Figure 14, the highest open circuit voltage (Voc) for Cu/Al
three electrodes pair is volt and the lowest open circuit voltage (Voc) is also 1.65 V.

Figure 11.
Voltage-time duration profile for Cu/Zn three pair electrodes.

Figure 12.
Voltage-time duration profile for Cu/Fe three pair electrodes.
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Figure 13.
Voltage-time duration profile for Al/Zn three pair electrodes.

Figure 14.
Voltage-time duration profile for Cu/Al three pair electrodes.

So that the difference between the highest and lowest open circuit voltage (Voc) is
0.02 V. Whereas it was zero (0) for Cu/Al single pair electrodes, 0.04 V for double
electrodes and 0.02 V, respectively. The same reason behind it is that due to the
connection of the electrodes by the wires, because it grows resistance for long wires
due to the connections.
It is shown in Table 4, the voltage difference for Cu/Zn, Cu/Fe, Al/Zn and Cu/
Al single, double and triple electrodes in volt.
3.2 Electrochemical cell made by two living PKL trees
3.2.1 Description of the electrodes
1. Description of the cathode
The length of the copper electrode is: 3 cm
The breadth of the copper electrode is: 1 cm
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Number
of pairs

Voltage difference
for Cu/Zn in volt

Voltage difference
for Cu/Fe in volt

Voltage difference
for Al/Zn in volt

Voltage difference
for Cu/Al in volt

1

0

0.01

0.60

0.02

2

0.07

0.03

0.05

0.07

3

0.03

0.02

0.02

0.03

Table 4.
Table for voltage difference for Cu/Zn, Cu/Fe, Al/Zn and Cu/Al in volt.

The area of the copper electrode is: (3 cm) (1 cm) = 3 cm2
2. Description of the anode
The length of the zinc electrode is: 3 cm
The breadth of the zinc electrode is: 1 cm
The area of the zinc electrode is: (3 cm) (1 cm) = 3 cm2
3.2.2 Description of the electrolytes
It was taken two living PKL plants (Tree-1 and Tree-2) for making an electrochemical cell. One leaf was selected from each tree. Each leaf was embedded by two
electrodes. The voltage was collected from each leaf separately by a sophisticated
multi meter. Then it was connected two living PKL plants in series connection.
Then after the voltage was also collected for series connection.

4. Results and discussion
It is shown in Figure 15 the variation of open circuit voltage with the variation of
time duration(hr) for a single leaf in tree-1. Similarly, Figure 16 the variation of
open circuit voltage with the variation of time duration(hr) for a single leaf in
tree-2. Finally, it is shown in Figure 17 the variation of open circuit voltage with the
variation of time duration (h) for both a single leaf in tree-1and tree-2. Comparing

Figure 15.
Voc1-time duration curve for tree-1.
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Figure 16.
Voc2-time duration curve for tree-2.

Figure 17.
Voc-time duration for both tree-1 and tree-2 in series connection.

above three figures, it can be concluded that living PKL tree can generate an
electrochemical cell, since it follows the law of the series combination of voltaic cell.

5. Conclusion
The multi meters which were used are not calibrated properly. So that may be
some errors during collection of the readings. In spite of that the authors tried to
take readings very carefully. At present it is needed renewable, sustainable, pollution free and an efficient energy sources all over the world. To keep it in mind, it has
been introduced some fundamental investigations are presented for producing
electricity from living PKL plants. The power is produced by embedding the different electrodes like (silver and zinc, copper and zinc, etc.) and cells into the PKL
living plant’s leaf to allow flow of ions using redox reaction. Different experiments
have been conducted using different types of the electrodes to determine the characteristics of the producing device. The research activities in this field are in
infancy, in spite of that it was possible to get voltage difference around 1.10 V using
single pair of electrodes and cell. Such hypothesis has been tested at different times
150

Energy Efficiency and Sustainability in Outdoor Lighting - A Bet for the Future
DOI: http://dx.doi.org/10.5772/intechopen.89413

of the different month of the year. A comparative research works have also been
done and used in combination to get better results for the development of such a
green power. This green power may be the guide line to get low and medium power
electrical and electronic appliances in near future.
Sustainable energy sources, which are pollution free and environmentally
friendly, are one of the key challenges of world's future society. The interdisciplinary team of PKL energy foundation discovered that living plants are literally "green"
power source, which may become one of future's electricity supplies that perfectly
integrates in natural environments and is accessible all over the world. Researchers
discovered that living plants can generate, by a single leaf, required Volts, enough to
simultaneously power LED light bulbs. Researchers also showed that natural leaves
can act as an innovative "green" electrical generator converting into electricity.
Finally, the outcome of this research work is the reactant and product ions have
been identified. The generated voltage can be considered with the Nernst equation.
The generated voltage can be connected in series to run the load with LED bulb and
DC fan. Using an inverter can be converted AC from DC for AC appliances.
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Abstract
Lighting accounts for more than 19% of the world’s electricity consumption.
Simply replacing existing lighting systems with other LED technology would reduce
energy consumption by up to 40%, and if we also use lighting controls, the figure
can reach 80%. The transition to efficient lighting technologies (LEDs) is economically one of the most realistic and simple energy efficiency initiatives. Control
systems play an important role in the world of lighting. Wherever you have exterior
lighting, there will be a need for control. The systems that have been used so far
have precedents that date back more than 35 years and allow control and monitoring functions of groups of light points, i.e. not individually. One of the major drawbacks of these systems is that they do not have flexibility, since they do not allow the
individualization of the point of light, and in addition the orders that can emit are
of generic character and affect the group, obtaining a rather inaccurate information
of the installation. Complete telemanagement systems are currently being developed to meet the needs of different application segments. Experience shows that
it is necessary to work with open systems so that the lighting management system
works and communicates with other systems such as air treatment, safety systems,
etc. Intelligent lighting, in addition to its control and energy management functions, also contributes to reducing the excess of artificial light to which our cities are
subject, making them more livable.
Keywords: lighting control, outdoor lighting, smart city, energy efficiency

1. Introduction
Lighting accounts for more than 19% of the world’s electricity consumption.
Simply replacing existing lighting systems with other LED technology would reduce
energy consumption by up to 40%, and if we also use lighting controls, the figure
can reach 80%. The transition to efficient lighting technologies (LED) is economically one of the most realistic and simple energy efficiency initiatives. Control
systems play an important role in the world of lighting. Wherever you have exterior
lighting, there will be a need for control [1].
The management of a lighting installation has two functions: control and
surveillance. Control refers to operations related to switching on, switching off
and reducing the light level of light sources and always refers to external factors,
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such as natural light, traffic density or traffic speed. As far as the monitoring of
the installation is concerned, it will basically be related to the knowledge of the
state of the light source, i.e. whether it is on or off, whether it is at the maximum
or reduced level and whether it has any malfunction. By extending this surveillance to the rest of the installation, consideration is also given to the status of the
network, whether a control centre has been accidentally or voluntarily opened,
knowledge of the number of operating hours of each and every one of the installation components, electrical parameters, etc. When this management is carried
out with a centralization in a certain point and from this point these functions
are carried out, by transmission of data and remote orders, the system is called
telemanagement [2].
The systems that have been used so far have precedents that date back more
than 35 years and allow control and monitoring functions of groups of source
of light, i.e. not individually. One of the major drawbacks of these systems is
that they do not have flexibility, since they do not allow the individualization
of the point of light, and in addition the orders that can emit are of generic
character and affect the group, obtaining a rather inaccurate information of the
installation.
Complete telemanagement systems are currently being developed to meet the
needs of different application segments. Experience shows that it is necessary to
work with open systems so that the lighting management system works and communicates with other systems such as air treatment, safety systems, etc. [3].
Integral light management systems (connected) that use communication nodes
and optical sensors to detect the movement and regulate the intensity of light can
be considered on demand systems that are integrated into a global lighting management platform.
Intelligent lighting, in addition to its control and energy management functions,
also contributes to reducing the excess of artificial light to which our cities are
subject, making them more livable [4].

2. Methodology
In the last decade, numerous lighting control systems have proliferated in the
market. In a first approximation, we can divide these systems into three types:
outdoor, indoor and architectural. With the adoption of a lighting control system,
we optimize reliability and reduce maintenance costs, allowing us to efficiently
manage the lighting system.
The objective of this work is to carry out an analysis and classification of the
existing control systems in the market and then to carry out a small comparative
study. For this purpose, we will analyze the existing documentation from the point
of view of its general functional characteristics, without going into depth into connectivity architectures, which may be the object of other work.
We have excluded outdoor lighting control systems for discharge lamps, since
the appearance of LED technology has relegated them to the background, since
efficiency and flexibility are condemned to their disappearance.
For the analysis we have considered the different variables that generally define
a control system, functionality, connection and driver options, in order to make a
classification that helps us to apply them correctly according to the most appropriate needs and environments. For this, in each of the classified systems, we have
listed their main characteristics. The energy savings that can be obtained have also
been analyzed in general; for this we have based on the case studies provided by the
manufacturers.
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Finally, we have discussed the different systems classified to conclude on a
future projection.

3. Types of outdoor lighting control systems
In the city it is possible to combine different models of lighting control and
connectivity that adapt to the idiosyncrasy of each area, all of them controlled from
a platform. It is necessary that this is simple, starting with a progressive control of
electrical panel parameters and group regulation that can be scalable to the future
needs of the city (Figure 1) [5, 6].
3.1 Luminaires
The luminaire is a device that serves as support and connection to the electrical
network of the light source. It is necessary to comply with a series of optical, electrical and mechanical characteristics, among others. In terms of optics, the luminaire is
responsible for the control and distribution of the light emitted by the light source. The
electrical connection between the LED module and the power supply is established
via a mechanism called a driver. Stability in the power supply current is necessary to
guarantee correct operation of the system, avoiding fluctuations in luminous flux.
Drivers can have each of the following functions or several at a time:
3.1.1 Fixing output current
If the level of light required in a specific solution falls midway between the light
packages offered by the standard LED types, it is possible to customize the power
level of the LED by setting the output current.

Figure 1.
Types of outdoor lighting control systems.
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3.1.2 Regulation 1–10 V
The 1–10 V functionality allows the regulation of the luminous flux around 1%
(1 V signal) and 100% (10 V control signal), from an analogue signal that reaches
the equipment through a control line, taking into account its polarity. By means of
the control line, only regulation can be carried out; switching on and off must be
carried out with a relay or switch placed on the supply line of the circuit.
If the level of light required in a specific solution falls midway between the light
packages offered by the standard LED types, it is possible to customize the power
level of the LED by setting the output current.
3.1.3 Regulation 1–10 V
The 1–10 V functionality allows the regulation of the luminous flux around 1%
(1 V signal) and 100% (10 V control signal), from an analogue signal that reaches
the equipment through a control line, taking into account its polarity. By means of
the control line only regulation can be carried out; switching on and off must be
carried out with a relay or switch placed on the supply line of the circuit.
3.1.4 DALI regulation
The Digital Addressable Lighting Interface, or DALI, is a very popular protocol
in the lighting industry [7]. Voltages on DALI cables are usually 16 V without polarity. DALI cables can run close to power cables, and the maximum current is limited
to 250 mA. Using this protocol we can send regulation orders for 256 power levels.
The advantage of this technology is the bidirectionality of the system (Figure 2).

Figure 2.
PWM regulation.
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3.1.5 Pulse width modulation
The concept of pulse width modulation of analogue or digital signals known
as PWM is a technique used for various applications, and among these is lighting. Basically what it does is to vary the working cycle of the LED by turning it on
and off very quickly. If the brightness of the LED is analyzed, it depends on the
power, whose value in turn is dependent on the voltage and the current applied to
it (P = V.I). If we want to reduce the brightness, we will have to reduce the average
power delivered to the LED; for it we have to control some of the variables involved
(voltage or current).
3.1.6 Control line regulation
This functionality supports signals from a control wire.
3.1.7 Header regulation
This function detects the decrease of the mains voltage.
3.1.8 Constant luminous flux
Light sources experience light depreciation, i.e. a decrease in luminous flux
over time. In order to ensure the minimum levels required when the end of the
light source cycle is approaching, most designs are calculated based on the level
produced at the end of life normally LB70: 70% of the initial lumens. This means
that the system consumes more than necessary and loses 15% of energy during its
service life. The constant luminous flux functionality compensates for this light loss
and ensures that the required level is always delivered. Taking into account light
depreciation, the driver can be programmed to start at an attenuated level in a new
luminaire and gradually increase the power over the life of the light source. With
this function we save energy and extend the life of the system (Figure 3).
3.1.9 Internal programmed regulation
This functionality allows simple, preprogrammed attenuation. Programmable
drivers offer an integrated version of this feature. This integrated programmer

Figure 3.
Energy saving with constant luminous flux.
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allows you to regulate predefined light levels based on nighttime operating time and
lighting levels.
3.1.10 DMX regulation
The high-speed DMX control protocol makes this the ideal solution for dynamic
installations of spectacular lighting, including video playback [6, 8–10].
3.2 Autonomous control systems
Autonomous systems are closely related to the functionalities of the drivers
described above. These devices operate independently from the luminaire itself and
are normally integrated at or near the same light point. Both operation and configuration are usually simple and generally require no maintenance except for batterypowered devices. Some use presence detection or sensors, so the user can interact.
They are very easy to install and have no recurring costs, and energy savings are
guaranteed.
3.2.1 Double-level control
It is an autonomous dimming solution that automatically reduces the power of
the light source from 100% to 50–60%, according to the predefined model, providing energy savings without extra investment in the control infrastructure.
After synchronizing the hours of off and on of the installation, the functionality of the driver determines automatically the central point of the night. The
first option will provide full light up to the central point of the night and then be
adjusted 6 or 8 hours before setting the 100% level (Figure 4).
3.2.2 Internal programmed regulation by regulation curve
It is a functionality that the equipment has integrated to control the lighting
in an autonomous way. They use regulation curves that represent the level of light
output depending on the time of day.
The control levels are programmed with a PC via a computer tool. If the lighting
requirements change over time or if the established regulation is to be improved,
they can be updated (Figure 5).
The controller does not have a real clock; instead, it runs a virtual clock, determined by the duration of the night operating hours.

Figure 4.
Double-level control.
168

Analysis of Outdoor Lighting Control Systems Applied to the New Smart City Models
DOI: http://dx.doi.org/10.5772/intechopen.88834

3.2.3 Autonomous control system with motion detection
This system is based on the level of activity in the street and not on timetables.
It detects and communicates with neighboring luminaires, anticipating pedestrian
movements. Generally, the detector can control several drivers with 1–10 V or DALI
functionality. It is a unique solution providing light on demand that can be adapted
to the needs of each application (Figure 6).
Since it detects pedestrians, cyclists or cars at a speed of less than 30 km per
hour, it is.
3.3 Networked control systems
Grid control systems interconnect several pieces of equipment within the same
public lighting control panel.

Figure 5.
Dimming curve.

Figure 6.
Dimming by motion detection.
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3.3.1 Group control system
Group management systems allow centralized control of a group of light points.
This type of system requires additional wiring for the transmission of the control
signal, and it is also possible to transmit data over the power line [11, 12].
3.3.1.1 Command thread
The control wire system is a step control solution that allows groups of light
points to be controlled up to a predetermined level via an additional control circuit.
A cabinet controller feeds the driver through the control line and changes the light
level of all luminaires connected to that cabinet [13].
3.3.1.2 Regulation by means of 1–10 V
LED drivers can incorporate 1–10 V regulation. They provide continuous dimming, can reduce luminous flux 100–10% and save a substantial amount of energy
during off-peak hours. This system is unidirectional since the information flows in a
single direction: from the controller to the lighting equipment. On the other hand, it
does not allow the equipment to be routed, and the creation of wired groups has to
be carried out.
3.3.1.3 Header regulation
Mains regulation with electromagnetic ballasts has been used for more than
15 years. By lowering the mains voltage, the luminous flux is reduced proportionally. The same advantage is available on LED drivers thanks to their integrated
functionality. A cabinet controller sends a signal to the driver to attenuate the
luminous flux by reducing the amplitude of the mains voltage. The driver interprets
the lower amplitude as a signal to reduce light levels (Figure 7).
3.3.1.4 Table regulation by the feeding line (PLC)
The main system controller (CPU), placed on the control panel, monitors and
controls all other modules. With this system, the luminaires can be adjusted from
the control panel. The communication between the control panel hardware and
the luminaire groups is carried out through a specific communication protocol that

Figure 7.
Headland adjustment.
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makes use of the electrical network as a means of transmission. The luminaires
have a special driver that includes a receiver to perform the corresponding encoding
of the orders received. We use the existing infrastructure. If there were problems
in the regulation, we would obtain a system alarm. The CPU also serves as a communication node and as a data hub module. Bidirectional communication with the
central server is done through GPRS connectivity.
The main system controller (CPU) monitors and controls all other hardware
modules. With this system, the luminaires can be dimmed from the control panel.
The communication between the control centre hardware and the luminaire groups
is carried out through a specific communications protocol that uses the electrical network as a means of transmission. The luminaires have a special driver that
includes a receiver to carry out the corresponding regulation. If there were problems with the regulation, we’d get a system alarm (Figure 8).
The data collected by the system is sent to the central server, where they are
stored and remain accessible to prepare reports, correct anomalies, perform load
balancing and generate emergency responses in case of accident, flood and the like.
The data collected by the system is sent to the central server. Where they are
stored and remain accessible to prepare reports, correct anomalies, balance loads
and generate emergency responses in the event of an accident, flood or similar.
From the central server, we can make a remote management of the lighting levels
of the control panel luminaires and a control of the real state of the light points,
with automatic notifications of failures and real energy measurements with complete history that provides instruments of measurement and verification.
This system is associated to a platform that will allow a remote management
of the lighting levels of the luminaires of the panel, a control of the real state of
the points of light, with automatic notifications of failures and measures of real
energy with complete historical that proportions instruments of measurement and
verification.
3.3.2 Point-to-pint control system
The point-to-point control systems individually control and supervise the light
points associated with a lighting control panel, allowing remote diagnosis of each of
the light points.
Energy savings are obtained by switching and regulating individual points
according to a time model or in response to information received from an atmospheric sensor or a traffic meter. In turn, light points can be grouped according to
their specific location so that they respond at the same time.
Associated to the system is a platform of services; it extracts useful information
for the control and monitoring of the lighting that the user will be able to use for
the maintenance and the energetic consumption, as well as to improve the lighting
service (Figure 9) [14].

Figure 8.
Table adjustment per supply line.
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3.3.2.1 Point-to-point communication
It is based on a powerline protocol. The system applies advanced repetition
technology allowing any point of light to replicate orders whenever required. Thus,
it guarantees the arrival of all instructions at their destination even under adverse
communication conditions (Figure 10).
3.3.2.2 Wireless point-to-point control system
The outdoor luminaire controller (OLC) is located on top of the luminaire housing. The OLC unit communicates with the controller wirelessly and securely over a
distance of up to 300 meters (Figure 11) [15].

Figure 9.
Point-to-point control system.

Figure 10.
Point-to-point control system and power line communication.
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The segment controller (SC) controls up to 400 OLCs and collects them for
storage on the central server over the Internet, usually via GPRS. Installed on a DIN
rail in a control centre, the SC can be used as an interface with other devices: traffic
counters, atmospheric sensors, etc.
3.4 Lighting switched on
LED luminaires are digital devices that together with the Internet of Things
(IoT) create a new concept of public lighting focused on greater efficiency, less
environmental and economic impact [16].
The GPRS network is used for communication and control of the luminaires,
without the need to install any element in the control centres nor a separate wiring
from the power supply of the light points. All luminaires are managed from the
GPRS network of a mobile operator (Figure 12).
The only control device of the system is the OLC installed in each of the luminaires to allow communication with the platform’s servers. The luminaires also
incorporate an adjustable driver. These will be connected to the electrical network
in the same way as in a conventional installation. To access the system, you need a
PC with an Internet connection.
The platform associated to this system has the following characteristics:
• It is a cloud with easy access from a standard browser.
• No software installation required.
• It includes storage, processing and backup of application data.

Figure 11.
Wireless point-to-point control system.

Figure 12.
Connected.
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• It is secure and scalable to be able to implement modules according to the needs
of each territory or intelligent city.
It is safe and scalable to be able to implement modules according to each territory
or smart city needs.

4. Comparison of control system
The autonomous systems reduce the consumption of electrical energy, with
respect to the traditional lighting, 15–20%, those of network in box 15–35%, those
of network point to point 45–50% and those connected 50–60%. The autonomous
motion detection can reach up to 70%, since when there is no occupation that tends
to reduce the flow of the light source to 10% normally (Table 1).
These systems control the flow of LED modules in different ways. Within the selfemployed, the double-level regulation has two states: normal and reduced operation.
The internally controlled programming is governed by a curve that can be modified
with a specific software and usually has several steps. The ones with control wires,
regulation in headboard and 1–10 V do it presenting some determined values in the
driver. The control panel regulated through the power supply line of the luminaires
modifies the curve in the corresponding drivers of the luminaires of the control centre;
previously this curve is configured from the associated platform and is transmitted
through the power line. Point-to-point systems work like the above only that they can
vary the dimming curve of a luminaire, without having to do it simultaneously in all the
luminaires in the table. The connected system can change the regulation parameters of

Table 1.
Summary outdoor lighting control system.
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Figure 13.
Energy saving depending on the level of management.

an individual light source, directly from the platform, without having to pass the signal
through any element placed in the panel or from any sensor connected to the communication node of the luminaire (OLC): presence detector, traffic density, etc. [17, 18].
Implementation is the process of programming and field verification of system
elements. In the autonomous it is not necessary, as in the network of control wire,
1–10 V and regulation in head; however, it must be carried out in the network: PLC
and point to point. The plug-in is a plug and play and does not require commissioning.
In all the analyzed systems, it is necessary to place, in the control panel of the
public lighting, the necessary controllers in order to control the sources of light; in
the autonomous and connected, it is not necessary.
The PLC box system, the point-to-point network system and the connected
system are associated to a platform that acts as an interface with the user. This may
be related to others at a higher level.
The monitoring of light source status, network status, operating hours, energy
consumption, faults, etc. is carried out by the PLC network system, the point-topoint network system and the connected system.
The connectors used in the connected system allow power and control to be
independent without special operations, integrating communication nodes, sensors, photocells, etc.
As we can see in Figure 13, as we increase the supervision, we increase the
potential energy saving, and the exception is the autonomous with motion detection for the reasons above [19, 20].

5. Discussion
The implementation of the appropriate control system depends on several factors: investment, management and energy saving.
Autonomous control systems are the best option for complying with existing
legislation and starting to reduce energy consumption immediately, without the
need for major changes or investments in infrastructure. They operate independently the rest of the installation and control or regulate the light according to
specific sensors or programs.
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The networked group management systems allow a centralized control of a
group of light points, so they are aimed at finding a more advanced solution. This
type of system requires additional wiring for the transmission of the control signal
or the luminaires’ own power supply. However, if you already have the necessary
infrastructure, these solutions are very easy to install offering immediate monitoring and control over groups of light points.
Point-to-point network control systems not only control and monitor the
lighting but also remotely diagnose each of the light points. These solutions achieve
greater volume savings while providing maximum flexibility.
Connected or integrated light management systems are the easiest to install and
can be integrated with different networked control systems. In this way, it is not
only possible to control and supervise the lighting but also to remotely diagnose
each of the points of light. This is possible thanks to sensors, control nodes, gateways, communications, etc. These solutions achieve the greatest volume of energy
savings while providing maximum flexibility.
It is possible to combine different control systems that adapt to each area of the
city, all controlled from a single platform. From there, it was possible to carry out
the transformation of the city. This platform, which operates vertically and autonomously, can be integrated with the horizontal platform of the city and integrated
with other services, forming part of the connected city. This concept has a high
potential, with the exploitation and correlation of collected data that open the possibility of using advanced analytical methods and big data treatments, which help
to make strategic decisions.

6. Conclusion
The adoption of LED technology enhances the renewal of lighting infrastructure, enabling the growth of innovations in cities and technology based on a safe
lighting system, reliable and connected with a wide range of products and associated services.
New intelligent digital technology plays a key role in responding to the demands
of cities and citizens. Improved lighting infrastructure supports connectivity and
reduces maintenance operating costs in an environmentally sustainable manner.
Intelligence is the logical step to make tomorrow’s city more efficient, save more
energy, adapt to new situations and be always prepared for the future, equipped
with systems that can be controlled and monitored remotely in real time.
Connected lighting is an integral solution that allows municipal authorities to
offer a better lighting service. Other systems or platforms can be connected through
APIs to the lighting platform (vertical). It is essential to integrate all the information
generated by the services, in this case lighting, in an open, standard and interoperable horizontal platform, which is, as a technological element, responsible for a
unified management.
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Chapter 9

Improvement the Efficiency of
Distribution Network Using an
Efficient Lighting System of
Streets
Nassim Iqteit and Khalid Yahya

Abstract
Nowadays, improve the efficiency and reduce active loss are very important
target for any electric company. One of the methods to reach this target is using
appropriate street lighting and tunnel lighting systems. Control of lighting, appropriate products of lighting system, and management of the luminaire dimming will
used to improve the efficiency of lighting network. Studying the lamp efficiency of
low pressure sodium, LED, high pressure sodium, compact fluorescent lamps, etc.
Case study and calculations of active losses in lighting system of 30 luminaire are
presented in this chapter. The results discuss the impact of type and number of
luminaires, distance between poles, and dimming ratio on the outdoor lighting
efficiency and values of active loss in lighting network which is part of distribution
networks.
Keywords: lighting network, streets, efficiency, active losses, LED, dimming,
products for lighting

1. Introduction
The active power loss in a street lighting system depends on the complexity of
the grid, types of luminaires, the number of luminaires, the unit of dimming used,
the reactive power level in the network, etc. Using regulated devices, lighting
dimming systems [1, 2] and reducing the reactive power [3] are usually used for
reduction active power losses in lighting networks. Another aspect for improving
the energy efficiency of a lighting road system is that it is designed to maximize the
efficiency of the light flux emitted in the surrounding area whereas minimizing its
losses [4]. The increase in power losses leads to increase in active power then the
consuming of electricity will increase. Until now, calculating the power losses in
lighting system in distribution grid, assumes that the network receive constant
power from the rated light sources or luminaires throughout the lighting period.
Throughout lighting operation, the rated power of luminaires may change within
their lifetime. Additionally, at night time, the voltage of source may be higher than
the rated grid voltage, which means greater active power consumption, higher
power currents and higher power losses [5].
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Decreasing operating hours, where it is depending on the hours of darkness and
amount of daylight. Photoelectric switching is usually used to attain the minimum
hours of street lighting operation. Diminution the number of lamps operating in
streets; the amount of light requisite on the road depends on legal requirements,
tarmac, traffic volume, type of road, speed limit and surroundings. Any change in
these parameters assist to minimize the active loss in the lighting system. Installation of more efficient light sources assists to reduce the number of lamps operating
and provide the same levels of illumination. Modern control system of street or
tunnel lighting system contains; control unit in lighting fixture/luminaire, CPU and
GSM module in switchboard of the installation, and remote data processor for
management and controlling the individual installations [6]. Moreover, opening up
the tunnel roof reduces the number of luminaire use in tunnels, but shadows,
insufficient of lighting and difficulty in guiding the sunlight are critical points for
limiting the lighting of tunnels by daylighting. In addition, all lighting installations
require to be preserved to perform at maximum efficiency. Dirt on lens on panels
and reflectors leads to reduced output from the luminaire [6].
Lamp types usable in street and tunnel lighting; high pressure sodium lamps,
low pressure sodium lamps, metal halide lamps with quartz arc tube, metal halide
lamps with ceramic arc tube, high pressure mercury lamps, linear fluorescent
lamps, compact fluorescent lamps with integrated ballast, compact fluorescent
lamps with non-integrated ballast, and LEDs [7].
LED technology is quickly becoming competitive with high-intensity discharge
light sources for outdoor space lighting. Most LED manufacturers describe useful
life based on the estimated time at which LED light output will depreciate to 70% of
its initial rating; often the target is 100,000–150,000 hours for outdoor luminaires.
As with all LED products, careful data gathering and research is required to assess
quality, performance, and overall value. The following steps are provided as a quick
summary of the outdoor lighting system [8]:
• Need to photometric test reports based on the IESNA LM-79-08 test procedure.
• Required warranty; 3–5 years is reasonable for outdoor luminaires.
• Check ingress protection (IP) ratings, and choose an appropriate rating for the
intended application.
• Ask for operating temperature information and how this data relates to
luminaire efficacy and lumen depreciation.
• Check color temperature for suitability in the intended application.
• Assess glare, preferably with the luminaire at intended mounting height and
under typical nighttime viewing conditions, compared to incumbent
technology.
• Evaluate economic payback, based on applicable energy, equipment,
maintenance, and control costs for the site.
The quality, type, maintenance requirements and average annual daily traffic
volume are critical in the selection of the street and tunnel lighting system. LEDs
and electrode-less lamps are newer technologies on their way to be potential future
tunnel lighting systems [9].
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2. Street lighting technologies
2.1 Street light sources
There are distinct luminaires families that are used for lighting streets of cites,
where these technologies are shown in Figure 1 [10]. Additionally, the power of
these technologies and their applications are given in Table 1. Table 2 illustrates
other technologies of lamps and their powers, luminosities. LED technologies are
also used for lighting streets of cities. The life of LED technologies are defined by
estimated time at which LED light output will depreciate to 70% of its initial rating;
often the life time is 100,000–150,000 h for outdoor luminaires [8]. As clarified in
Figure 2, LEDs resort to dim over time rather than tragically failing, like other
technologies [11].
2.2 Street light lamp characteristics
Table 3 illustrates the characteristics of road light lamps usually used [11].
The main technologies of street lighting system are high pressure sodium lamps
(HPS) and electronic ballast, HPS and electromagnetic ballast, and LED lamp. The
comparison between these main technologies is shown in Table 4.
2.3 Distributions, spacing and height of luminaires in the streets
Table 5 shows the relation between the category of roads and the type of street
lighting system and spacing to height ratio (SHR) [7].

Figure 1.
12 of different luminaires technologies in the streets of cites.
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Luminaire
type

Power/type

Application

1

70 W, 100 W HPS

Residential street lighting

2

200 W, 250 W, 310 W,
400 W HPS

Arterial and/or collector street lighting

3

70 W, 100 W, 150 W,
200 W HPS

Collector and/or residential street lighting

4

400 W HPS (street side)
150 W HPS (house side)

22” Luminaire—Arterial and/or collector street lighting
17” Luminaire—Sidewalk side pedestrian lighting

5

35 W, 100 W, 150 W,
250 W HPS

Domus DMS50—Arterial and/or collector street lighting.
Domus DOS—Residential street lighting and/or Sidewalk
side pedestrian lighting.

6

35 W, 70 W HPS

Residential street lighting and/or pedestrian lighting

7

150 W, 250 W HPS

Arterial and/or collector street lighting

8

35 W, 50 W, 70 W HPS

Collector and/or residential street lighting

9

35 W, 50 W, 70 W HPS

Residential street lighting and/or pedestrian lighting

10

150 W, 200 W, 250 W HPS

Arterial, collector, or residential street lighting

11

70 W HPS

Residential street lighting and/or pedestrian lighting

12

70-100 W HPS

Residential street lighting and/or pedestrian lighting

Ballast voltage: multi-tap 120/240 V, HPS: high pressure sodium.

Table 1.
The power and the applications of technologies in Figure 1.
Type of lamp

Power range (W)

Luminosity (lm/m2)

Incandescent

15–150

9–15

Fluorescent tube

18–58

43–76

Mercury vapor

50–400

30–49

High pressure sodium

50–400

67–128

Low pressure sodium

18–180

69–152

Table 2.
Lamp types and their powers and luminosities [6].

Figure 2.
Lumen depreciation rate for different lighting technologies.
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Type of lamp

High-pressure mercury
vapor (MV)

Color
Luminous
rendering
efficacy
(lm/W) properties

Lamp
life (h)

Remarks

35–65

Fair

10,000–
15,000

High energy use, poor lamp life

70–130

Excellent

8000–
12,000

High luminous efficacy, poor lamp life

Low-pressure sodium
vapor

100–190

Very poor

18,000–
24,000

Energy-efficient, very poor color
rendering

Low-pressure mercury
fluorescent tubular
lamp (T12 and T8)

30–90

Good

5000–
10,000

Poor lamp life, medium energy use;
only available in low wattages

Energy-efficient
fluorescent tubular
lamp (T5)

100–120

Very good

15,000–
20,000

Energy-efficient, long lamp life; only
available in low wattages

Light-emitting diode
(LED)

70–160

Good

Metal halide (MH)

40,000– High energy savings, low maintenance,
90,000 long life, no mercury; high investment
cost, nascent technology

Table 3.
Typical streetlight lamp characteristics.

LED lamp

HPS lamp and
electronic ballast

HPS and electromagnetic ballast

• Long operating life
(50,000 h life with 70–
80% lumen maintenance)
• Very low power
consumption
• Low installation and
maintenance costs
• Harmonized illumination
• High efficiency
• Dimming possibilities
• Contain no hazardous
materials
• Low temperature and
function well in cold
temperatures
• Good vibration resistant
characteristics
• Quick start and re-start (do
not need to firstly cool the
system as with HID)
• Low glare and strobe-free
• Free from ultraviolet or IR
• Possible use with
renewable energies

• Long lifetime (from
40,000 to 60,000 h)
• Increased lamp life
(on average up to
30% longer lamp
life)
• No flickering effect
• Dimmable
• High efficiency (up
to 15% savings)
• Non audible noise
• Low weight
• Energy saving (up to
13%)
• Relatively expensive
• Not
environmentally
friendly

• Long lifetime (>30 years at
105°C)
• Low cost
• Suitable for extreme weather
conditions (humidity,
temperature variation,
lightning)
• Recyclable materials (magnetic
chokes are recyclable)
• Self-recovery feature (when
the ac mains voltage recovers
after a disturbance)
• Very low maintenance costs
• Not dimmable
• Not energy saving
• Flickering effect
• No constant light output

Table 4.
Characteristics of lamp technologies [12].

Replacing lighting fixture/luminaire; new fixtures are generally luminous more
efficient, which allows light sources with lower power to be used. Figure 3 shows
IESNA outdoor fixture types classifying the distributions for spacing luminaires [8].
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Fast traffic
Road
category
specification

Mixed traffic

Slow traffic

Lamps used

almost uniquely
sodium lamps

Mainly sodium and
high pressure
mercury lamps

Mainly sodium and mercury lamps are
used and to lesser degree compact
fluorescent and metal halide lamps

Power of
lamps used

250 W, 400 W
150 W, 250 W HPS
and 131 W, 135 W and HPM and 100 W,
150 W, 250 W HPS
180 W LPS

125 W HPM, 50 W, 70 W HPS, 70 W
MH and 36 W CFL

Spacing/
height of
pole ratio
(SHR)

Approximately equal
to 4 (e.g., 90/20, 60/
15, 48/12, 40/13)

Between 5 and 4 (e.g., 40/8, 36/8, 25/5,
30/7, 20/4)

Varies between 4.5
and 3 (e.g., 45/10,
50/12,5, 35/11)

Table 5.
Type of street lighting system and spacing of poles to their height.

Figure 3.
IESNA outdoor lighting distribution types I—V.

3. Streets and tunnel lighting control
The block diagram of street light system as given in Figure 4 composes of
microcontroller, LDR, and photoelectric sensor. By using the LDR we can control
and drive the lights of streets. The system of a smart street lighting system is
illustrated in Figure 5 by a simplified block diagram. The system includes a microcontroller module for regulating, sensing and controlling the lighting system. This
system also has different sensors, a voltage regulation circuit, a LCD and GSM/
GPRS module.
With a view to meet the demands of tunnel lighting and energy-saving preferable, stepless control method is arranged in the tunnel lighting control system. The
control system is formed of vehicle detectors, data converters, luminance detectors,
lighting control computer, dimming controllers and LED lamps. Figure 6 shows the
block of the tunnel control system [15].
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Figure 4.
Block diagram of the control of street light system [13].

Figure 5.
Block diagram for control smart street lighting system [14].

Figure 6.
Block diagram of tunnel lighting control system.
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4. Active power losses in road lighting installation
The lighting circuit consists of the following components: the power
cable protection in the lighting panel board, relay dimming by astronomical
clock (or other dimming device), three-phase feeder wiring, the pole protection,
the wire connecting the pole plate with luminaire, and the luminaire. Figure 7
shows, schematically, an example of a road lighting installation with the main
components [5].
The total power loss of the lighting installation ΔPTOTAL can be determined from
the following relationship:
ΔPTOTAL ¼ ΔPCABLE þ ΔPNEUTRAL þ ΔPWIRE þ ΔPPPB þ ΔPPPOLE þ ΔPRELAY (1)
where, ΔPTOTAL total losses of active power, (W); ΔPCABLE losses of active
power in three (one) phase feeder wiring, (W); ΔPNEUTRAL losses of active power in
neutral conductor, (W); ΔPWIRE losses of active power in wire in the pole, (W);
ΔPPPB losses of active power in protection in the lighting panel board, (W); ΔPPPOLE
losses of active power in protection in the pole, (W); ΔPRELAY losses of active power
in relay, (W).
The following factors have a decisive influence on the network losses: level of
luminaries dimming, network configuration (single or three phases) and number of
light points. Thus, the total losses in the lighting system for the three-phase network, as defined by the Eq. (1), can be estimated as:

Figure 7.
Example of a road lighting installation.
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where the reduction factor kred is the coefficient of slope of the dimming characteristic. The dimming characteristic of the luminaire are the relation of the active
power of the luminaire to the degree of dimming. l01 is the distance of the first
luminaire from the lighting switchboard, (m); l is the distance between poles, (m);
γC is the electrical conductivity of feeder wiring, (m/Ωmm2); SC is the cross-section
of feeder wiring, (mm2); n is the number of luminaires per phase; np is the number
of lighting points (luminaires); ILum is the RMS value of luminaire current, (A); lPW
is the length of the wire that connects the pole switchboard to the luminaire, (m);
γPW is the electrical conductivity of the wire connects the pole switchboard to the
luminaire (m/Ωmm2); and SPW is the cross-section of the wire connecting the pole
switchboard to the luminaire, (mm2).
Figure 8 shows an example of daily dimming characteristic. The times of
switching on (ton) and off (toff) the luminaires were determined using astronomical
tables of sunrises and sunsets in an installations area for luminaires.

Figure 8.
Daily dimming characteristic of luminaire.
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5. Case study and results
5.1 Case study
A luminaire LUM has rated power of 140 W was equipped with a wireless power
and luminous flux dimming system. The dimming was carried out using a program
implemented on the server. The program enabled the dimming of the luminaire in
the range from 10 to 100%. The electrical and photometric curves of tested luminaire is given in Figure 9. The calculations presented in Sections 5.2 and 5.3 are
made for a given distance between the poles reaching to 30 m.
5.2 Active power losses calculation results of three-phase lighting system
The dependence of the percentage of total active power losses on the number of
luminaires and dimming is shown in Figure 10. Losses at the point of light are
greater in the entire dimming range than the total losses in other parts of the
installation. The total percentage of ΔPTOTAL in a system of 30 luminaires ranges
from 0.55% for dimming 10% to 1.17% for dimming 100%.
5.3 Active power losses calculation results of a single-phase lighting system
The dependence of ΔPTOTAL as a function of the number of luminaires and
dimming is shown in Figure 11. The total percentage of ΔPTOTAL in a system of 30
luminaires range from 2.850% for dimming = 10% to 6.689% for dimming = 100%.
5.4 Estimation of active power losses for different distances between poles
The results of power losses for street lighting systems with 3 and 30 luminaires
as function of distance between the poles are given in Figures 12 and 13,

Figure 9.
Electrical and photometric curves of tested luminaire (LUM).
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Figure 10.
Dependence of total active power losses ΔPTOTAL in relation to the dimming and the number of poles np for
LUM [5].

Figure 11.
Dependence of total active power losses ΔPTOTAL in relation to the dimming and the number of poles np for
LUM [5].

respectively. The total losses percentage increase by increasing the distance
between the poles as well as increasing in the dimming value lead to increase the
active loss. In addition three phase lighting system has losses less than single phase
system. Table 6 shows the relation between rated power of luminaires and total
power losses in single and three phase system, where the number of lighting in
streets is 30 luminaire at dimming 100% and l = 10 = 30 m. SC = 4  25 mm2,
γC = 34 m/Ω.mm2.
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Figure 12.
Relative total power losses in relation to the distance between poles for circuit consisting of three luminaires [5].

Figure 13.
Relative total power losses in relation to the distance between poles for circuit consisting of 30 luminaires [5].

Rated power of luminaire
(W)
32

ΔPTOTAL three phase system
(W)

ΔPTOTAL single phase system
(W)

2.851

16.023

85

16.308

92.687

140

50.608

289.914

Table 6.
Active power losses for lighting street by 30 luminaire at dimming 100% and l = 10 = 30 m, SC = 4  25 mm2,
γC = 34 m/Ω.mm2.

6. Conclusion
Increasing the efficiency and reduction the active loss are very significant aim in
each distribution network. Lighting grid is a one of main parts in distribution grid
and reduction active loss in it is the main aim of this chapter. Different technologies
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for lighting streets and tunnels were discussed in this chapter, while the results
indicate the sodium lamp and LED are the efficient technologies. Control unit for
management the dimming of luminaire and using three phase lighting system
instead of single phase get better the efficiency of street lighting system. The
numbers of luminaire, the distance between poles, wires conductivity, environmental conditions, and category of streets are other factors can effect on the value
of active loss reduction.
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Chapter 10

Energy Efficiency of the Road
Lighting: The Impact of Active
Power Losses on Energy
Performance Indicators
and Electricity Costs
Roman Sikora and Przemysław Markiewicz

Abstract
Improving the energy efficiency of road lighting is currently one of the most
important issues. One of the methods of improving energy efficiency is the use of
dimmable luminaires. In order to be able to compare the energy efficiency of
different technical solutions, EN 13201-5 introduces energy performance indicators
for road lighting installations. The chapter describes energy performance indicators
for road installation and the impact of active power losses on these indicators and
electricity costs. In order to accurately calculate the above indicators, the active
power losses in the elements of the lighting installation should be taken into
account. The chapter presents the dependencies which can be used to calculate the
active power losses in single- and three-phase systems. In addition, an example of
calculation of energy performance indicators, active power and energy losses and
electricity costs is provided. The calculation was made for an exemplary installation
of road lighting with dimmable luminaires. The analysis was done for single-phase
and three-phase installations.
Keywords: road lighting, energy performance indicators,
cost of electricity consumption, LED luminaire, active power losses, EN 13201

1. Introduction
Road lighting is one of the basic elements of a road infrastructure. Proper
lighting of the road (also in conflict zones with an intersection of pedestrian and
motor traffic as well as in zones intended for pedestrian traffic, cycling and slowmoving vehicles) is an important element of road safety. Quantitative and qualitative lighting requirements for areas and road zones are characterised by a lighting
class. The requirements for road lighting apply only to night hours. They may be
subject to change at different times of the night and in different seasons. The EN
13201 [1–5] standards allow the use of different lighting classes for particular time
periods of the lighting operation, e.g., depending on the traffic volume. Lowering
the lighting class means reducing the requirements for lighting parameters such as
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luminance (or illuminance), longitudinal and overall uniformity and threshold
increment. It is therefore possible to reduce the luminous flux of the luminaire by
reducing the luminaire’s power.
The luminous flux of the luminaires can be changed step by step or smoothly
over a wide range. However, the depth of the reduction of the luminous flux should
be limited to the level at which the requirements of EN 13201 [1–5] are fulfilled. The
highest possible energy savings must not deteriorate road safety. The literature
describes a number of solutions for power regulation in lighting installations [6–11].
Lighting control systems can be divided into two groups. The first group concerns
the use of individual controllers equipped with astronomical clocks in the luminaires, which automatically adjust the lighting time to sunrise and sunset,
implementing the most frequently set work schedules. The use of additional sensors
responding to natural light, traffic, etc. increases the functionality of the lighting
installation by reacting dynamically to changing surrounding conditions. The second group concerns a central controller that supports a group of luminaires or
individual circuits, which is installed, e.g., in a lighting switchboard. It can also be
an IT system that is part of the Smart City system, centrally managing lighting
installations [11–14]. The main aim of power reduction is to improve the energy
efficiency of road lighting [15–20]. This is equivalent to decreasing the electric
energy consumption and CO2 emissions [15]. It should be remembered that the
overall aim of road lighting is to ensure road safety, not to obtain maximum
energy savings.
The flow of current through the elements of the mains causes power and energy
losses. Losses of power and energy may indicate financial and technical losses.
Financial losses are understood as an increase of operational costs and technical
losses as an increase of electricity consumption [12, 20–24]. Power losses in road
lighting installations depend, among other things, on the network system (singlephase, three-phase network), the complexity of the network (number of circuits
and lighting luminaires) and the used power supply devices. In the case of road
lighting installations, power losses occur primarily in such elements as supply cables
(wires) and protection and control devices [25, 26]. When calculating the electricity
consumption during the design phase of a lighting installation, power losses are
often omitted. This results in an undervaluation of electricity costs compared to
real consumption. Analyses of energy efficiency and operating costs of lighting
installations usually neglect the aspects of reactive power [27]. The first one is
related to the occurrence of active power losses due to the reactive power flow. The
second aspect concerns the dependence of the reactive power of the luminaire on
the power and/or control conditions. The level of losses also depends on the occurrence of higher harmonics of the supply current [28–33]. The increasingly common
use of dimmable luminaires, especially LED luminaires, in road lighting means that
energy consumption and energy losses depend on the lighting time and the level
of luminaire power reduction. Previously, energy consumption and power losses
were calculated on the assumption that the luminaire consumes constant power.
During the measurements of dimmable LED luminaires, a strong dependence of the
power factor (reactive power) was observed, along with an increase of the higher
harmonic values at the change of the level of control. Calculations of active
power losses and energy consumption should be carried out for the assumed
lighting schedule.
The chapter presents the method of calculating active power losses, energy
performance indicators and electricity costs in road lighting installations. The
described method may be used for analysis of installations with dimmable luminaires. The usefulness of the method is presented on the example of the analysis of
road lighting installation with dimmable luminaires.
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2. Energy performance indicators according to EN 13201-5 standard
The EN 13201-5 [5] standard defines two energy efficiency indicators for road
lighting: the power density indicator (PDI) DP and the annual energy
consumption indicator (AECI) DE. These indicators can be used to estimate the
potential savings achieved by improving energy performance and reducing the
environmental impact of road lighting. The defined PDI and AECI indicators are
used to compare the energy performance of different variants of road lighting
design. The comparison of the energy performance indicators for the different
design variants of the road lighting installation is possible with the assumption of
identical installation geometry. This is a limitation of the use of PDI and AECI
indicators. These indicators can be applied to all traffic areas (lighting classes M, C
and P). The power density indicator (PDI) DP determines the amount of energy
needed to provide adequate road lighting in accordance with the applicable EN
13201-1 [1] and EN 13201-2 [2] standards. It is calculated as the quotient of the P
power of the lighting installation and the sum of the products of the average
lighting intensity on the horizontal plane of the area to be lit Eq. (1):
D P ¼ Pn �
i¼1

P
�
Eah
i � Ai

(1)

According to EN 13201-2 [2], it is possible to reduce the lighting requirements of
a road during a period of reduced traffic, i.e., to change the lighting class of a road,
e.g., from M3 to M4. In this case, the power density indicator shall be calculated
individually for road classes M3 and M4.
The annual energy consumption indicator (AECI) DE determines the annual
electricity consumption during the year. Its value is calculated as follows Eq. (2):
DE ¼

Pm �
j¼1

Pj � tj

A

�

(2)

EN 13201-5 [5] standard recommends the use of PDI and AECI together.
The best variant of road lighting is when both of these indicators have
minimum values.
The system power P should be calculated as the sum of all the equipment
necessary to light the road or road section. System power P is defined as
P¼

nlp
X
k¼1

Pk þ Pad

(3)

In the case of dimmable luminaires according to EN 13201-5 [5], the power
reduction factor kredP can be introduced. The power reduction factor kredP determines the degree of luminaire dimming. It accepts values from 0 to 1. For a reduction factor of kredP = 1, the luminaire is set to the maximum level (100%) and
operates at maximum power and maximum luminous flux. The standard
recommends the adoption of a reduction factor for the system power of the whole
lighting installation. This is not entirely correct, because the power of the Pad
additional devices may not change as the dimming level of luminaire changes or
may change in any other way. A second reduction factor may therefore be
introduced to take into account changes of additional equipment power with
function of dimming change kredad. It can take values from 0 to 1. Therefore, the
power of the lighting installation for the jth period of operation can be calculated as
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P¼

nlp
X
k¼1

kredP Pk þ kad
red Pad

(4)

Estimating the Pad power during the design process of road lighting can be
difficult. Therefore, usually at the design stage, this power is omitted in the calculations. This may cause the calculated energy performance indicators to be
underestimated. In order to illustrate this, consider the following example.
2.1 Example
The road lighting installation consists of 10 luminaires with a power of P = 50 W.
Due to the possibility of lowering the lighting class of the road, the luminaire power
(luminous flux) can be reduced by 50% (kredP = 0.5). It is assumed that the Pad
power is 5% of the installed luminaire power at 100% of dimming. It does not
change with the dimming change.
Total luminaire power at 100% of dimming is equal to
Pinst ¼

10
X
j¼1

kredP Plum ¼ 10 � 1 � 50 ¼ 500 W

Calculated value of the Pad power is equal to
Pad ¼ 0:05 � P ¼ 0:05 � 500 ¼ 25 W
Total system power value at 100% of dimming
P ¼ Pinst þ Pad ¼ 500 þ 25 ¼ 525 W
Total luminaire power at 50% of dimming is equal to
Pred
inst ¼

10
X
j¼1

kredP Plum ¼ 10 � 0:5 � 50 ¼ 250 W

Total system power value at 50% of dimming
Pred ¼ Pred
inst þ Pad ¼ 250 þ 25 ¼ 275 W
So
Pad
25
¼ 9:09%
¼
red
275
Pinst
Power Pad is in this case 9.09% of the total system power and should not be omitted.

3. Calculation of active power losses in road lighting installation
Typical installation of road lighting consists of the following elements:
• Cable protection located in the lighting switchboard
• Relay placed in the lighting switchboard
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• Cable (wire)
• Protection in the pole (placed in the pole switchboard)
• Wire connecting the pole switchboard with luminaire
In each of the listed elements of the installation, an active power loss occurs. The
total active power losses ΔPΣ in the road lighting system are the sum of power losses
in its individual elements. Road lighting installations can be single-phase or threephase. The method of calculating losses in these types of installations is similar but
not identical.
For three-phase installation, the total active power losses should be calculated by
dependence Eq. (5):
ΔP3P Σ ¼ ΔP3P C þ ΔPN þ ΔPW þ ΔPPPB þ ΔPPP þ ΔPR

(5)

The active power losses in the neutral conductor of the power cable should be
taken into account. They are caused by the flow of higher harmonics of the zero
sequence and being a multiple of the number 3.
The total power losses of the single-phase lighting installation ΔP1PΣ can be
calculated as
ΔP1P Σ ¼ ΔP1P C þ ΔPW þ ΔPPPB þ ΔPPP þ ΔPR

(6)

For single-phase installations, losses in the neutral conductor are included in
ΔP1PC.
For three-phase lighting installation, power losses in the cable can be determined
from the relationship [34]:
3p

ΔP

C

� �
�
�
3l
nðn � 1Þð2n � 1Þ
2 l01 þ l
þ
ILum 2
¼
n
γ C SC
l
2

(7)

The active power losses in a cable in a single-phase installation are calculated
from Formula (8) [34]:
ΔP1p C ¼

� � �
�
2l
l01
nðn � 1Þð2n � 1Þ
þ
ILum 2
n2
l
γ C SC
6

(8)

The active power losses in the neutral conductor are calculated as [34]
ΔPN ¼

�
� ∞
l
l01 nð3n � 1Þð6n � 1Þ X
þ
9n2 þ
IhLum 2
l
γ C SC
2
h¼3

(9)

�
�
l
l01 nð3n � 1Þð6n � 1Þ
þ
INLum2
9n2 þ
l
γ C SC
2

(10)

or
ΔPN ¼

Power losses in the wire connecting the pole switchboard and luminaire are
calculated by using Eq. (11):
ΔPW ¼ 2ILum 2 RPW ¼
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Power losses in protection in the lighting switchboard are determined by the
following dependence:
ΔPPPB ¼ 3ILI 2 RPPB

(12)

In the case when the protection is realised by miniature circuit breaker (MCB)
RPPB ¼ RMCB

(13)

Knowing the rated active power losses of the minimal circuit breaker ΔPMCB is
given for its rated current. RMCB can be determined by
RMCB ¼

ΔPMCB
3IMCB 2

(14)

The resistance of the whole protection device, if used for protection is a fuse to
protect the cable, is the sum of the resistance of the fuse and the fuse carrier
Eq. (15):
RPPB ¼ RPBFB þ RPBF

(15)

Resistance of fuse carrier can be determined from Eq. (16), and resistance of
fuse is calculated as Eq. (17)
RPBFB ¼

ΔPPBFB
IPBFB 2

(16)

RPBF ¼

ΔPPBF
IPBF 2

(17)

The active power losses in the protection device in the pole switchboard are
calculated from Eq. (18)
ΔPPP ¼ 3ILum 2 RPP

(18)

If a miniature circuit breaker (MCB) is used, the Rpp resistance is equal to RMCB:
RPP ¼ RMCB

(19)

If a fuse is used to protect the wire in the pole, the resistance of the whole
protection device is calculated as the sum of the resistance of the fuse and the fuse
carrier (Formula (15) can be used).
A relay is usually used to switch on and off the lighting circuit. The active power
losses of relay are calculated as
ΔPR ¼ ILI 2 RR

(20)

The relay resistance RR can be calculated as the quotient of the rated active
power losses of the ΔPRR relay (given for rated current) and the square of the rated
current Eq. (21):
RR ¼

ΔPRR
IR 2

(21)

The number of light points is equivalent to the number of poles, since it is
assumed that the luminaires are mounted on poles individually.
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4. Calculation of active energy losses in road lighting installation
In the case of road lighting installations (circuit) with luminaires without dimming (without power reduction), the active energy consumed by the circuit
(installation) ET is equal to the product of active power of lighting circuit (installation) P and lighting time tuse, according to the relation (22):
ET ¼ P � tuse

(22)

For the road lighting installations with dimmable luminaires operating according
to a fixed work schedule, the active energy consumed by the lighting circuit
(installation) is the sum of the energy consumed at each power reduction level. It
was assumed that the luminaires used in the circuit are of the same rated power
and they operate according to the same daily work schedule. The active energy of
the circuit is calculated as the sum of the energy absorbed at each reduction level
and the number of luminaires in the nlu circuit (installation), according to the
relation (23):
ET ¼ Pk � nlu �

ndim
X
i¼1

kredPi � tusei

(23)

The active energy flow in the system causes active energy losses, calculated on
the basis of dependence (24):
EΔP ¼ ΔPΣ � tuse

(24)

The total active energy losses for the ndim levels of luminaire control in the daily
cycle can be calculated from the dependence (25):
EΔP ¼

ndim
X
i¼1

ΔPΣi � tusei

(25)

Taking into account the power reduction factor kredP for each level of dimming,
obtain the dependence (26) for the total losses of active energy in the lighting
circuit:
EΔP ¼ ΔPΣ

ndim
X
i¼1

kredPi � tusei

(26)

These dependencies assume a constant number of luminaires in the circuits and
a certain length of the power line. The total active energy collected by the lighting
installation is the sum of the energy taken from the luminaires, the active energy
losses and energy of auxiliary devices Ead in the lighting components (29). The
definition given in the standard [5] regarding Pad power is too long; the authors
decided to introduce the concept of auxiliary devices of lighting installation. The Pad
power can be defined as the sum of the auxiliary devices’ power. Therefore, the
power of the Pad can be calculated from the following equation:
Pad ¼

nd
w X
X
p¼1 d¼1

Padd, p � kad
redd, p

(27)

Each auxiliary device has a different rated output marked as Pad d,p. The nd
variable means the number of periods of power reduction of individual auxiliary
201

Energy Efficiency and Sustainable Lighting - A Bet for the Future

devices. There are w auxiliary devices in the installation that must be taken into
account in the calculation.
The energy Ead is calculated as the sum of the energy of all auxiliary devices
necessary for the operation of the installation (28):
Ead ¼

nd
w X
X
p¼1 d¼1

ad
Padd, p � kad
redd, p � tused, p

(28)

The taduse variable in Formula (28) means the operating times of the individual
auxiliary devices. When calculating the energy Ead, it is not correct to take the same
working time of all auxiliary devices. Each of these devices can work differently
compared to the light schedule:
EΣLI ¼ ET þ EΔP þ Ead

(29)

After the transformation, a dependency Eq. (30) is obtained:
EΣLI ¼ P �

ndim
X
i¼1

kredPi � tusei þ ΔPΣ �

ndim
X
i¼1

kredPi � tusei þ

nd
w X
X
p¼1 d¼1

ad
Padd, p � kad
redd, p � tused, p

(30)

5. Calculation example
5.1 Electrical and photometric parameters of a dimmable LED road luminaire
To estimate the energy efficiency of a lighting installation, it is necessary to
know the electrical and photometric parameters of the luminaires. The parameters
of all devices included in the installation should also be known i.e.: the types, crosssections and lengths of wires or cables, types of applied protection and control
devices. These data are usually available in catalogues. In the case of dimmable
luminaires, the dimming characteristics are not always presented in the catalogue.
Dimming characteristics are understood as the dependence of electrical and photometric parameters of the luminaire on dimming. This also applies to files with
photometric data in the eulumdat format. Manufacturers should provide photometric data for different dimming or give reduction coefficients better in the form of
mathematical dependence. This will ensure adequate accuracy of calculations and
will facilitate the work of the designer. If this data is unavailable, then having a
sample of the luminaire, the best solution is to take measurements of electrical and
photometric parameters. In this way, the characteristics of the dimming for the
given regulation range can be achieved.
In order to illustrate the presented method, the calculation results for an example of a road lighting installation with dimmable luminaires are presented. Energy
performance indicators according to [5], electricity consumption and costs have
been calculated for the following variants:
• Without taking into account active power losses
• Taking into account the active power losses for a three-phase installation
• Taking into account the active power losses for a single-phase installation
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When power losses are omitted, the results of calculations are identical for both
types of installations (single- and three-phase). In calculations, active power losses
in all previously mentioned (Section 3) elements of the installation were taken into
account. The LED dimmable luminaire with a rated power of 140 W was selected
for the analysis. Implemented luminaire control enabled regulation from 10 to
100% of rated power. The manufacturer did not specify the exact power values and
luminous flux of the luminaire for particular levels of dimming. Measurements
were taken in the full control range with a step of 10%, and the results are
summarised in Table 1. The dimming levels have been adopted in accordance with
the manufacturer’s assumption, which apparently does not correspond to the
percentage of the luminaire’s power or its luminous flux.
To measure the electrical parameters of the luminaire, the FLUKE 1760 power
quality analyser was used. The luminous flux was measured in an Ulbricht sphere
with a diameter of 2 m and with the use of the SONOPAN L-100 lux metre. The
Agilent 6834B power supply was used to supply the luminaire. The luminaire was
powered by an undeformed (purely sinusoidal) rated voltage of RMS 230VAC.
Analysing the results of Table 1, it can be seen that 10% of the dimming actually
corresponds to about 26% of the luminaire’s power and about 33% of the luminous
flux. It can be assumed that both the active power of the luminaire and its luminous
flux change approximately linearly. Analysing changes in reactive power, it is stated
that its changes compared to active power are much smaller. At 10% of the dimming, reactive power reaches 79% of the initial value. This causes the power factor
to decrease to 0.78 for 10% of the dimming level. It corresponds to the value of
tgφ = 0.81. In many countries, the permissible reactive power level will be exceeded.
It should be emphasised that the luminaire has the capacitive character of the
power factor.
Disturbances generated to the power supply network by LED luminaires are the
results of a pulse switching technique used in the power supplies. Modern impulse
power supplies are equipped with circuits limiting the emission of higher harmonics
of current and PFC systems. Most often, these systems are designed for the case of
the power supply under 100% of load. This usually results in an increase in the level
of higher current harmonics for lower dimming levels, which causes an increase of
THDI. For the tested power supply, the THDI value increased from 8% for 100% of
Dimming
(%)

Plum
(W)

P%lum
(%)

Qlum
(var)

Q%lum
(%)

PFD
(�)

PFDD
(�)

tgφ
(�)

THDI
(%)

Φlum
(lm)

Φ%lum
(%)

10

37.71

26.47

30.64

71.91

0.78

0.76

0.81

21.05

4579

32.52

20

49.62

34.82

32.73

76.81

0.84

0.82

0.66

16.84

5859

41.61

30

65.33

45.85

35.25

82.73

0.88

0.87

0.54

14.34

7437

52.82

40

79.27

55.63

35.95

84.37

0.91

0.90

0.45

12.34

8804

62.52

50

91.87

64.47

37.91

88.97

0.92

0.92

0.41

11.01

9971

70.81

60

103.50

72.64

39.72

93.22

0.93

0.93

0.38

10.42

10,980

77.98

70

114.22

80.16

40.81

95.78

0.94

0.94

0.36

9.82

11,870

84.30

80

124.22

87.18

41.37

97.09

0.95

0.95

0.33

9.15

12,664

89.94

90

133.56

93.73

41.86

98.24

0.95

0.95

0.31

8.45

13,390

95.09

100

142.49

100.00

42.61

100.00

0.96

0.96

0.30

8.00

14,081

100.00

Table 1.
The values of electrical and photometric parameters of LED 140 W luminaires for different levels of dimming.
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the dimming to 21% for 10% of dimming. This is a change of 163%. This is also the
reason for the change in the power factor of the luminaire.
In order to calculate lighting parameters on the road, it is necessary to know the
light distribution curves for a given dimming. The eulumdat files with photometric
data for a given dimming were not available for the analysed luminaire. Therefore,
photometric measurements were taken for the whole dimming range (in 10%
increments). Based on the measurement results, the photometric files, eulumdat,
were developed. Figure 1 presents the light distribution curves for the selected
luminaire in a C-γ coordinate system for 100% of dimming.
5.2 Parameters of lighting installation
The following assumptions were made for the calculations:
• The installation is made of copper cable with a cross-section of 4  16 mm2.
• For copper, the specific conductivity value of 56 m/Ω mm2 has been assumed.
• The pole wire from the pole switchboard to the luminaire is a copper wire with
a cross-section of 1.5 mm2 and length = 10 m.
• The protection of the lighting circuit is a gG (gL)-type fuse with a rated current
of 25 A together with a three-phase fuse carrier with a rated current of 160 A.
The catalogued active power losses for the rated current are 12 and 2.4 W,
respectively.
• For single-phase installation, the following were assumed: gG (gL)-type fuse
with a rated current of 25 A and active power losses equal to 2.4W and
catalogued active power losses of single-phase fuse carrier 2.6W with a rated
current of 160 A.
• The lighting circuit is switched on by a three-phase relay with a rated
current of 25 A, whose catalogue power losses for the rated current are 7.9 W
and for single-phase catalogue power losses equal to 4.4 W and the rated
current is 25 A.

Figure 1.
Light distribution curves for the selected luminaire in a C-γ coordinate system.
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• As a protection in the pole, a gG (gL)-type fuse with a rated current of 6 A was
used together with a one-phase fuse carrier with a rated current of 16 A. Power
losses for the rated current read from the manufacturer’s catalogue are,
respectively, 1.7 W for the fuse and 3 W for the fuse carrier.
• The calculation was made for an installation of road lighting consisting of
30 points of light (single- and three-phase).
• The luminaires are mounted individually on the poles, i.e., the number of light
points (poles) is equal to the number of luminaires.
In order to calculate the energy efficiency performance indicators, the lighting
system project must be done. The list of assumed parameters of the lighting installation of the analysed road is presented in Table 2.
5.3 Results of the calculations of power and energy losses
The results of calculations of lighting parameters for the analysed road are
shown in Table 3. They have been made for the full range of luminous flux adjustment. On the road, the lighting class M3 was established. The calculations were
performed in the DIALux® programme. The symbol O1 or O2 indicates the results
for the observer 1 and 2, respectively.
The power of the Pad has been omitted from the calculations (Pad = 0). For
dimming levels from 90 to 60%, the lighting requirements for one class lower than
for full dimming are met (M4). Two lighting classes below the assumed value are
met for dimming range 30–50% (M5).
The values of the power density indicator are determined from Formula (1).
Table 4 presents the calculated values of the active power losses and in Table 5
the calculated values of power density indicator DP. The impact of power losses on
PDI is noticeable. The value of PDI in the calculation increases when active power
losses are taken into account. The increase in PDI is equal to the percentage of the
active power losses in relation to the total power of the lighting system. Decreasing
the dimming level reduces the value of the indicator DP. Due to linear changes in
active power and light intensity in dimming, PDI value changes do not correspond
to a dimming change. From the point of view of improving the energy efficiency of

Parameter
Arrangements

Single row, bottom

Pole distance (m)

35

Height (m)

9.5

Inclination (°)

5

Pole distance from roadway (m)

0.65

Boom length (m)

0.5

Number of poles

30

Street width (m)

7

Maintenance factor

Table 2.
Parameters of road lighting installations.
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Dimming (%)

Lavg
�2

(cd m )

100

U0

UI

fTI

(%)

(%)

(%)

Lighting class

O1

O2

O1

O2

O1

O2

O1

O2

1.02

1.09

0.51

0.50

0.74

0.84

8

6

M3

90

0.97

1.04

8

6

M4

80

0.91

0.98

8

6

M4

70

0.85

0.92

8

6

M4

60

0.79

0.85

7

6

M4

50

0.72

0.78

7

6

M5

40

0.64

0.69

7

5

M5

30

0.54

0.58

7

5

M5

20

0.43

0.46

7

5

M6

10

0.34

0.36

6

5

M6

Table 3.
Calculated lighting parameters.

Dimming (%)

P

ΔP3P

ΔP1P

P + ΔP3P

P + ΔP1P

(W)

(W)

(W)

(W)

(W)

100

4334.10

55.76

320.02

4389.86

4654.12

90

4081.20

49.12

281.85

4130.32

4363.05

80

3806.70

42.95

246.09

3849.65

4052.79

70

3503.70

37.22

212.77

3540.92

3716.47

60

3178.20

30.62

174.52

3208.82

3352.72

50

2824.50

24.66

140.05

2849.16

2964.55

40

2433.90

19.50

109.38

2454.40

2543.28

30

2016.90

14.88

82.49

2031.78

2099.39

20

1531.50

9.44

51.20

1540.94

1582.70

10

1165.20

7.01

36.66

1171.21

1201.86

Table 4.
The calculated values of active power losses for three- and single-phase installation.

the installation is beneficial. A significant limitation in the level of the assumed
reduction in the power of the installation is to meet the lighting requirements. The
highest total active power losses in three-phase installation occur for luminaires
with a full level of control (100%), and they amount to 55.76 W. By reducing the
power of the luminaire, these losses decrease and are equal to only 7.01 W. For a
single-phase installation, the level of losses and their contribution to the overall
power balance is significantly higher. Analysing the percentages of active power
losses in particular elements of the lighting installation, it is stated that the largest
share of losses (regardless of the level of dimming) occurs in the power cable.
The AECI indicator value can be calculated if the light schedule is known. The
luminaires can operate at 100% light output, or at set hours, it can be reduced. It
was assumed that the moment of switching on and off the installation is determined
on the basis of astronomical tables. For simplicity it was assumed that the same time
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of switching on and off the installation is the same for each day of the month. From
16.00 to 19.00 and from 5.00 to 7.00, the luminaires work with 100% of dimming.
Between 23.00 and 4.00, the luminaires work with 60% of dimming. During
reduced traffic hours, it is possible to lower the lighting class from M3 to M4. Based
on Table 3, for 60% of dimming the lighting requirements for class M4 are met.
The adopted lighting schedule is the result of this. A graphical presentation of the
lighting schedule is shown in Figure 2. The time moments marked as ton and toff on
Figure 2 indicate the time of switching on and off the lighting system. These times
are different for each month of the year.
Table 6 presents the calculation results of AECI indicator (DE) for all cases
considered. The calculation is based on the assumption that the installation operates
with two dimming levels (marked as D1 and D2). Similarly to the Dp indicator,
lowering the dimming causes lowering its value.

Dimming (%)

Eah

DP

D3PP

D1PP

(lx)

(mW lx�1 m�2)

(mW lx�1 m�2)

(mW lx�1 m�2)

100

19.00

32.11

32.52

34.48

90

18.00

31.92

32.30

34.12

80

17.00

31.52

31.87

33.55

70

16.00

30.82

31.15

32.69

60

15.00

29.82

30.11

31.46

50

14.00

28.40

28.64

29.80

40

12.00

28.55

28.79

29.83

30

10.00

28.39

28.60

29.55

20

8.01

26.91

27.08

27.81

10

6.29

26.07

26.23

26.89

Table 5.
The calculated values of the energy performance indicators for three- and single-phase installation and
horizontal average illumination.

Figure 2.
Installation lighting schedule accepted for calculation.
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The value of the AECI without dimming is 2.41 (kWh m�2) for installations
without losses. For a lighting installation operating with the assumed lighting
schedule, lowering the D2 dimming level to 10% causes a decrease in the AECI
value to 1.60 (kWh m�2) when energy losses are not taken into account. The
greatest influence on the AECI value is the dimming value and lighting time with
reduced luminous flux.
Table 6 shows the results of the calculation of the active energy consumed
by lighting installations without dimming. The calculations are for single- and
DE

D3PE

D1PE

(kWh m�2)

(kWh m�2)

(kWh m�2)

Without dimming

2.41

2.44

2.59

D1 = 100%, D2 = 90%

2.34

2.37

2.51

D1 = 100%, D2 = 80%

2.27

2.30

2.43

D1 = 100%, D2 = 70%

2.20

2.22

2.35

D1 = 100%, D2 = 60%

2.11

2.14

2.25

D1 = 100%, D2 = 50%

2.02

2.04

2.15

D1 = 100%, D2 = 40%

1.78

1.79

1.88

D1 = 100%, D2 = 30%

1.81

1.83

1.93

D1 = 100%, D2 = 20%

1.69

1.71

1.80

D1 = 100%, D2 = 10%

1.60

1.61

1.70

Table 6.
Summary of the calculated values of the annual energy consumption DE indicators without and including losses
for single- and three-phase installation.

Month

LED without dimming
ET

E3PT

E1PT

E3PΔP

E1PΔP

(kWh)

(kWh)

(kWh)

(kWh)

(kWh)

January

2015

2041

2164

26

149

February

1578

1598

1694

20

116

March

1478

1497

1587

19

109

April

1170

1185

1257

15

86

May

941

953

1010

12

69

June

910

922

977

11

67

July

941

953

1010

12

69

August

1209

1225

1299

15

89

September

1430

1449

1536

18

106

October

1612

1633

1731

21

119

November

1820

1844

1955

23

134

December

2015

2041

2164

26

149

17,120

17,340

18,384

220

1264

Annual

Table 7.
Summary of the calculated values of energy consumption by lighting installation without and including losses
without dimming.
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three-phase installations with and without active power losses. Table 7 presents the
calculation results of the consumed active energy for the installation working with
the assumed lighting schedule. Figures 3–5 show the calculated amounts of electricity consumed in the analysed variants by lighting installation on a month-permonth scale.
The annual active energy consumption for the considered lighting installation
without control is 17,120 kWh. In the case of operation of road lighting installation
with the assumed schedule, the annual energy consumption is reduced to
15,010 kWh. This is a decrease of 12%. The highest energy consumption as well as
energy losses occurs in the winter months, in December and January. The highest
electricity consumption equals 2015 kWh. The lowest consumption is noted in June
and equals only 910 kWh for the analysed lighting system. For an installation
without dimming, the inclusion of active power losses has resulted in a 1.28%
increase of the calculated annual energy consumption for a three-phase installation
compared to the calculation without taking into account power losses. For a singlephase installation, the increase in energy consumption is 7.38%. The application of

Figure 3.
The volume of electricity consumed in the analysed variants on a monthly scale without energy losses.

Figure 4.
The volume of electricity consumed in the analysed variants on a monthly scale with three-phase energy losses.
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Figure 5.
The volume of electricity consumed in the analysed variants on a monthly scale with single-phase energy losses.

the control luminous flux results in reduced energy consumption. For the threephase system, the energy consumption increased by 1.16% compared to the calculations without taking losses into account. The increase in energy consumption is
6.66% for a single-phase installation.
Analysing the monthly consumption of active energy, the smallest values occur
in the spring and summer months (May, June, July), which is closely related to
the working time. Also, in those months, there were the smallest active energy
losses. For installations with luminaires operating at a constant power, they are

Month

LED with dimming
ET

E3PT

E1PT

E3PΔP

E1PΔP

(kWh)

(kWh)

(kWh)

(kWh)

(kWh)

January

1836

1858

1962

22

126

February

1416

1433

1512

17

96

March

1299

1314

1385

15

87

April

997

1008

1061

11

65

May

761

770

808

8

47

June

737

745

782

8

45

July

761

770

808

8

47

August

1030

1042

1097

12

67

September

1257

1272

1341

15

84

October

1433

1450

1530

17

96

November

1647

1667

1760

20

113

December

1836

1858

1962

22

126

15,010

15,184

16,009

174

999

Annual

Table 8.
Summary of the calculated values of energy consumption by lighting installation without and including losses
with dimming.
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26 kWh, and for installations working according to the schedule, they are equal
to 22 kWh—for three-phase. Energy losses through the use of dimming have been
reduced about 15% in three-phase installation. For a single-phase installation, the
Month

LED without dimming
CT

C3PT

C1PT

C3PΔP

C1PΔP

(EUR)

(EUR)

(EUR)

(EUR)

(EUR)

January

231.56

234.54

248.66

2.98

17.10

February

181.27

183.60

194.65

2.33

13.38

March

169.81

172.00

182.35

2.18

12.54

April

134.46

136.19

144.38

1.73

9.93

May

108.06

109.45

116.04

1.39

7.98

June

104.58

105.92

112.30

1.35

7.72

July

108.06

109.45

116.04

1.39

7.98

August

138.94

140.73

149.20

1.79

10.26

September

164.34

166.45

176.47

2.11

12.13

October

185.25

187.63

198.93

2.38

13.68

November

209.15

211.85

224.60

2.69

15.44

December

231.56

234.54

248.66

2.98

17.10

1967.05

1992.36

2112.30

25.31

145.24

Annual

Table 9.
Summary of the calculated energy cost caused by lighting installation without and including losses without
dimming.
Month

LED with dimming
CT

C3PT

C1PT

C3PΔP

C1PΔP

(EUR)

(EUR)

(EUR)

(EUR)

(EUR)

January

210.98

213.51

225.49

2.53

14.51

February

162.67

164.60

173.72

1.93

11.04

March

149.23

150.96

159.18

1.74

9.95

April

114.53

115.83

121.96

1.30

7.42

May

87.48

88.42

92.87

0.94

5.39

June

84.66

85.57

89.87

0.91

5.21

July

87.48

88.42

92.87

0.94

5.39

August

118.35

119.69

126.02

1.34

7.67

September

144.41

146.10

154.04

1.68

9.63

October

164.67

166.60

175.75

1.94

11.09

November

189.23

191.49

202.17

2.26

12.94

December

210.98

213.51

225.49

2.53

14.51

Annual

1724.67

1744.70

1839.40

20.04

114.73

Table 10.
Summary of the calculated energy cost caused by lighting installation without and including losses with
dimming.
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Figure 6.
Cost of electricity consumed in the analysed variants on a monthly basis without energy losses.

Figure 7.
Cost of electricity consumed in the analysed variants on a monthly basis with three-phase energy losses.

losses are several times greater. The use of dimming caused a reduction of energy
losses equal to 18.25%.
In the next part of the analysis, the estimated costs of electricity consumption of
the analysed lighting installation were calculated. Similarly as before, electricity
costs were calculated taking into account the losses of active power in the singleand three-phase network. The active energy price of 0.1194 € for 1 kWh was
adopted for the calculation. This is the average price for customers non-habitable in
the EU based on [35]. The calculation results are summarised in Table 8 for installation without dimming and in Table 9 for installation with dimming. Figures 6–8
and Table 10 show the calculated electricity cost of analysed lighting installation
variants on a month-per-month scale.
The use of dimming resulted in savings of 8% per month compared to installations without dimming. The annual cost of active energy losses for three-phase
installation without dimming is 25.31 €. For the same installation, the costs of the
active energy losses with dimming are 20.04 €. For a single-phase installation, these
costs are 145.24 € (with dimming) and 114.73 € (without dimming), respectively.
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Figure 8.
Cost of electricity consumed in the analysed variants on a monthly basis with single-phase energy losses.

The costs of energy losses in a single-phase installation are more than four times
higher than in a three-phase installation. The conclusion is that single-phase installations should be avoided as far as possible. If this is not possible, the energy
efficiency calculations, energy balance and operating cost analysis should take into
account the losses of power (energy). The financial savings achieved through dimming are proportional to the energy savings. On an annual perspective, dimming
allowed to achieve financial savings:
• For the installation without taking into account active power losses is 242.38 €
• For the installation taking into account the active power losses for a threephase installation is 247.66 €
• For the installation taking into account the active power losses for a singlephase installation is 272.90 €
The use of dimming has brought the greatest savings for a single-phase installation. This is due to the reduction of power losses in the lighting installation as a
result of dimming.

6. Conclusions
The chapter presents a method of estimating electricity consumption and operating costs of road lighting installations. This method allows for the taking into
account of active power losses in the calculations. These are analytical dependencies
that can be used at the design stage. An analytical dependence allowing to calculate
the power of auxiliary devices has been proposed. In addition, dependencies
allowed for the calculation of energy consumption and electricity costs were
presented. The usefulness of the proposed method is illustrated by a calculation
example.
The calculation was performed for an example lighting installation consisting of
30 road luminaires. The impact of active power losses on the energy performance
indicator, energy consumption and electricity costs was estimated.
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On the basis of the made analysis, the following conclusions may be concluded:
• In order to use dimming, it is necessary to calculate the lighting parameters on
the road first.
• On the basis of calculations of lighting parameters on the road, it is possible to
determine dimming for the assumed lighting class of the road.
• The omission of active power losses for a three-phase installation does not
significantly affect the accuracy of calculations.
• For a single-phase installation, the active power losses should not be omitted
because the calculation can then be made with an error of more than 5%.
The energy performance indicators PDI and AECI may be used to estimate the
energy efficiency of a road lighting installation. Road lighting design is typically
developed as a multivariant design. The designer decides which of them should be
selected for further analysis on the basis of the values of these indicators. In summary, when making a decision, the designer must give priority to the following
considerations when making a decision for road safety. Electricity savings must not
be given higher priority than road safety.
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Nomenclature
DP
D1PP
D3PP
Eahi
Ai
DE
D1PE
D3PE
P
Pk

Pad
kredP
kredAD
PLum
P%Lum
214

the power density indicator (W lx�1 m�2)
the power density indicator with single-phase losses (W lx�1 m�2)
the power density indicator with three-phase losses (W lx�1 m�2)
the maintained average horizontal illuminance of the i-th subarea (lx)
the size of the subarea “i” lit by the lighting installation (m2)
the annual energy consumption indicator (Whm�2)
the annual energy consumption indicator with single-phase losses
(Whm�2)
the annual energy consumption indicator with three-phase losses
(Whm�2)
total active power of the lighting circuit (installation) (W)
active power of the k-th luminous point (light source; lamp device; any
other devices such as a spotlight control unit, switch or photocell; and
the component associated with the luminous point and necessary for its
operation) (W)
total active power of all devices not included in Pk but necessary to
operate a road installation such as a remote switch or photocell,
centralised light control or centralised management system, etc. (W)
power reduction factor
power reduction factor of additional equipment
active power of the luminaire (W)
active power of the luminaire (percent of rated power)
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QLum
Q%Lum
PFD
PFDD
tgφ
THDI
Φlum
Φ%lum
Lavg
U0
UI
fTI
Pinst
Pinstred
Pred
nlp
ΔPΣ
ΔP3pΣ
ΔP1pΣ
ΔP1pC
ΔP3pC
ΔPN
ΔPW
ΔPPPB
ΔPPP
ΔPR
n
l01
l
lPW
γC
γPW
SC
SPW
ILum
IhLum
ILI
RPW
RPPB
RMCB
IMCB
RPBFB
RPBF
RPP
RR
ET
tuse
Ead
215

reactive power of the luminaire (var)
reactive power of the luminaire (percent of rated power)
displacement power factor
distortion power factor
tangent φ
total harmonic distortion of the current
luminaire flux (lumen)
luminaire flux (percent of rated flux)
average road surface luminance (cd/m2)
total uniformity
longitudinal uniformity
threshold increment
total active power of the luminaire (W)
total active power of the luminaire with reduced their power (W)
total active power of the lighting circuit (installation) with reduced
luminaire power (W)
the number of lighting points associated with the lighting installation or
the representative section whichever is used in the calculation
total active power losses (W)
total active power losses in three-phase installation (W)
total active power losses in single-phase installation (W)
active power losses in the power cable in single-phase installation (W)
active power losses in the power cable in three-phase installation (W)
active power losses in the neutral conductor of the power cable (W)
active power losses in the pole wire (W)
active power losses in the protection in the lighting switchboard (W)
active power losses in the protection in the pole switchboard (W)
active power losses in the contactor/relay controlling the lighting installation in the switchboard (W)
number of luminaires per phase
distance of the first luminaire from the lighting switchboard (m)
distance between the poles (m)
length of wire in the pole (m)
conductivity of the conductor the power cable (m/Ωmm2)
conductivity of the wire the pole (m/Ωmm2)
cross-section of the conductor of the power cable (mm2)
cross-section of the of the wire the pole (mm2)
luminaire current (A)
harmonic currents of the zero sequence for h = 3,9,15 and so on (A)
lighting installation current (A)
resistance of the wire connecting the pole switchboard to the
luminaire (Ω)
resistance of the protection in the lighting panelboard (Ω)
resistance of the miniature circuit breaker (Ω)
current of the miniature circuit breaker (A)
resistance of the fuse carrier (Ω)
resistance of the fuse (Ω)
resistance of the protection in the pole (Ω)
resistance of the relay (Ω)
active energy consumed by the lighting installation without losses
(kWh)
lighting time (h)
total active energy of all auxiliary devices not included in Pk (kWh)
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w
nd
ndim
taduse
EΣLI
E3PT
E1PT
E3PΔP
E1PΔP
CT
C3PT
C1PT
C3PΔP
C1PΔP

number of auxiliary devices
number of working period of auxiliary devices
number of dimming period of luminaires
working time of auxiliary devices (h)
total active energy consumed by the lighting installation with losses
(kWh)
active energy consumed by the lighting installation with three-phase
losses (kWh)
active energy consumed by the lighting installation with single-phase
losses (kWh)
three-phase active energy losses (kWh)
single-phase active energy losses (kWh)
cost of electricity consumed in the installation without energy losses
(EUR)
cost of electricity consumed in the installation with three-phase losses
(EUR)
cost of electricity consumed in the installation with single-phase losses
(EUR)
cost of three-phase losses (EUR)
cost of single-phase losses (EUR)
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Chapter 11

The Thermal Dissipation of LED
Outdoor Lighting Luminaires:
Comparative Analysis for a Real
Case of Study
Hermoso-Orzáez Manuel Jesús, Hervás-Pulido Manuel Jesús,
Unión-Sánchez Juan de Dios, Ogáyar-Fernández Blas
and Gago-Calderon Alfonso

Abstract
Today LED technology is being imposed, day by day, in our cities and homes as
an efficient way of lighting. The performance of its lighting, durability, energy
efficiency, and light, coupled with the economy of its use, is shifting to other classic
forms of lighting. However, some problems associated with the durability of equipment associated with thermal dissipation and high-temperature problems, which
end up affecting the light intensity and service life, are beginning to be detected.
The objective of this paper is to compare the results obtained previously, at different contour temperatures, with the current practical results obtained with a
FLUKETI25 thermal imaging camera. The theoretical results will be compared with
the current results applied to the different luminaires. Where real thermal dissipation is studied, it is obtained for each of them in the laboratory of illumination with
the thermographic camera FLUKE TI. The theoretical and experimental results are
evaluated, and the results are discussed. This study shows that instead of LED
technology, it is less risky for quality depreciation and durability of lighting if a
project has already been achieved that favors optimal thermal dissipation,
supported by the importance of choosing an appropriate design and appropriate
materials.
Keywords: LED, thermal dissipation, luminaire, outdoor lighting

1. Introduction
1.1 Technological evolution of public lighting
Street lighting has undergone a great technological evolution since 1931, when
the first mercury vapor lamps appeared in Europe. The principle of operation of this
lamp consists of the closing of a switch producing an arc between the two electrodes
of the lamp, ionizing the gas contained inside the tube initiating the main discharge.
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The discharge occurs first through the gas since the mercury is at room temperature
and at a low pressure. Progressively the mercury increases its temperature and
vaporizes, increasing the pressure inside the tube and consequently the voltage
between the terminals of the lamp. After a few minutes, the mercury is completely
volatilized and the discharge occurs through it. At this time, the luminous flux
increases and the color of the source varies. When the balance is reached, the
intensity is regulated by the ballast (Figure 1 and 2) [1].
These lamps need a reactance that limit the intensity passage through the tube
and stabilize the discharge. They do not need starting equipment and have a capacitor connected in series with the lamp whose function will be the correction of the
power factor (Figure 2).
As of 2015, new public lighting works began to be banned in Spain and their
replacement in existing facilities was recommended.
In the year 1955, a more advanced and technological evolution lamp appeared
with respect to mercury vapor, called high pressure sodium vapor lamp (VSAP).
The characteristics of the street lighting fixtures were improved with these lamps,
but the luminous efficiency and the chromatic reproduction were the weak point
of these.
The principle of operation is simpler than that of mercury vapor technology and
consists in that light is obtained by the emission generated in the collision of free
electrons with the gas atoms of the discharge tube. Shocks excite the electrons that
pass to a higher energy level. When these electrons return to their natural orbit,
the emission of the photons, that is to say, the radiation of light takes place [1].
The radiations emitted by these lamps represent an emission spectrum with wider
bands, where the discharge tube of the luminaire can reach up to 1000°C (Figure 3).

Figure 1.
Components of the mercury vapor lamp. Source: Manual INDAL lighting.

Figure 2.
Mercury vapor lamp operation scheme. Source: Own elaboration.
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Figure 3.
Parts of the high pressure sodium vapor lamp. Source: Manual INDAL lighting.

High pressure sodium vapor luminaires need high voltage during their start-up
process, then they need auxiliary equipment to turn on. The auxiliary equipment
consists of a ballast and a starter that can be connected in series or semi-parallel. To
correct the power factor a capacitor is connected in parallel (Figure 4).
These luminaries have a yellowish golden color, and are used for outdoor lighting, provided that the color rendering does not have to be high.
Parallel to the VSAP lamp and about the year 1960, the first metal halide (HM)
lamps appeared. Inside the discharge tube, metal additives are added to enhance
certain areas of the visible spectrum so that it increases its performance, both
bright and colored. The spectral composition of these lamps is very complete and
can be adapted to the needs of the user because it depends on the composition of
the metals added.
The principle of operation is very similar to that of the mercury vapor lamp
(Hg). The light is obtained by the electric discharge that is generated by the potential difference between the electrodes. This difference causes a flow of electrons to
cross the gas, and thus excite the atoms contained in the discharge tube. Depending
on the iodide with which the tube is filled the excitation of the atoms will produce
different colors (Figure 5) [2].
When starting the HM lamps, a very high starting voltage is required due to the
halides. To achieve this, it is necessary to connect a starter, which has as a fundamental element a thyristor, responsible for supplying a peak voltage. In addition to
the starter, auxiliary starting equipment contains a ballast in series with the

Figure 4.
Scheme with independent starter and scheme with half-parallel starter. Source: Own elaboration.
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Figure 5.
Parts of the metal halide lamp. Source: Manual INDAL lighting.

discharge pipe to stabilize the discharge and a capacitor to compensate for the
power factor. The time necessary to reach the regime conditions is between 3 and
5 min (Figure 6).
This type of lamps are used in places where high chromatic performance is
necessary, such as sports spaces, shopping centers, facades, monuments, television
broadcasts, etc.
It was from the year 2000, when the greatest technological revolution occurred
regarding consumption and energy efficiency in public lighting with the development of LED technology luminaires.
These luminaires were based on the development of power LEDs. An LED is
defined as a unidirectional semiconductor electronic device. When the LED is
directly polarized (the anode voltage is positive, and the cathode voltage is negative) and current flows through them, the free electrons of the N layer move

Figure 6.
Wiring diagrams with: independent starter, semi-parallel and parallel. Source: Own elaboration.
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through the diode and combine with the hollows of the layer P, implying a fall of the
band of conduction to a smaller orbital, so that the electrons release energy in the
form of photons (light). The size of the band jump defines the color of the light
(Figures 7 and 8).
The LEDs are designed to work with specific currents, unlike the previously
exposed technologies that are built to work with a certain voltage.
These semiconductor devices are fed with a direct current source through a
series resistor to limit and control the current and achieve a correct operation and
lengthen the life of the component (Figure 9).
The LED luminaires are powered by power supplies (driver), which depend on
the configuration of the lamp, of the direct current to provide and control the
current that passes through them. The fundamental reason is that voltage variations
can cause LED destruction when there is a high voltage increase. On the other hand,
a decrease in voltage is used as a method of regulation.
Currently in the field of public lighting, LED diodes of high luminosity are used,
they are more complex because they incorporate elements to dissipate the heat that
allow to withstand greater currents to provide more luminous flux.
LEDs, thanks to the high resistance they have to environmental conditions and
their advantages over incandescent lamps, can be used in any field of outdoor
lighting [3].

Figure 7.
Structure diode LED. Source: Manual INDAL lighting.

Figure 8.
Components and pinout of the LED. Source: Manual INDAL lighting.
225

Energy Efficiency and Sustainable Lighting - A Bet for the Future

Figure 9.
Connection of an LED lamp. Source: Own elaboration.

Figure 10.
Graph of evolution of public lighting. Source: INDAL lighting manual.

By way of summary and to give a more general view of the technological
evolution and energy efficiency that has suffered public lighting, which has been
exposed at this point, you can see the following graph which represents the energy
efficiency of each luminaire and its year of appearance (Figure 10).
1.2 SWOT analysis LED technology versus download
The SWOT analysis is a map through which the weaknesses, threats, strengths
and opportunities of an organization, project, technology, etc. are established. In
our case we will perform the SWOT analysis on a technology, in this case the LED
against the download technology (Table 1).
Through an analysis of the external environment and the internal
characteristics of the technology to be analyzed, this tool allows obtaining
a graphic representation of:
• Weaknesses: Constitute the limiting aspects of the capacity of technology
development, due to its internal characteristics.
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Internal analysis
Negative More expensive technology compared
to download

External analysis
Increased risk of chronic diseases due to its white
light

Poor performance in high temperatures Alteration of behavior and reproduction of
organisms that at night coexist with white light
due to electronic components that
and alter their rhythm of life
contain
They require a high thermal dissipation
to extend their useful life
Positive

Low energy consumption

They produce less CO2 emissions to achieve the
same lighting

Long durability
High color rendering index

Greater aid and funding for its implementation

Less light pollution

Reduction of raw materials for its manufacture by
having a long useful life

Table 1.
SWOT analysis LED technology versus discharge: own elaboration.

• Threats: These are all external factors that may prevent the development of this
technology.
• Strengths: They gather the set of internal resources, positions of power or any
type of competitive advantage over other technologies.
• Opportunities: External factors that favor the development of technology or
provide the opportunity to implement improvements.
1.3 Problems of LED technology
The use of LED technology in lighting of public lighting seemed to pose a
promising revolution with an obvious advantage: the energy savings that would be
achieved by using it.
This revolution has been compromised by a series of thermal, electrical and
lighting problems that have been studied as this technology began to be
implemented in our cities.
Beginning with the part of thermal dissipation, one of the biggest problems that
LED technology presents is the large amount of heat that has to be evacuated to the
outside with respect to the discharge technology. The large number of electronic
components that form a LED luminaire, makes the generation of heat inside it very
large [2]. Most of the heat is produced in the driver (80%), and in the light-emitting
diodes (approx. 20%) [4]. The heat generated in the driver is very large due to its
own operation, since it is responsible for the protection of the LEDs by means of a
suitable voltage and intensity.
The operation of a LED driver, is basically a full wave diode rectifier bridge,
which transforms the alternating current (AC) into direct current (DC) and adapts
the voltage and output currents for the correct operation of the LED. The supply
voltage of a LED luminaire is the network (230 V effective), this voltage passes
through a transformer of reducing voltage that adapts the voltage to the input of the
bridge. The input, consists of a bridge of four diodes that lead two to two,
depending on the cycle of the voltage wave (positive or negative) and that
completely rectifies the voltage wave, then passes through a capacitor that is
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responsible for generate the direct current through its own charge and discharge.
Once this has been generated, a Zener diode is responsible for stabilizing
and cleaning the direct current so that it can be consumed by the load (LED)
(Figures 11 and 12).
As can be seen, the use of electronic components is large, and the generation of
heat is very high, then a poor thermal dissipation causes a very important decrease
in the useful life of the luminaire [5].
The second group of problems presented by LED technology is in the electrical
part [3]. The large-scale introduction of LED lamps impacts two major disturbances
in the quality of energy: distortion or harmonic contamination [6] and peak current
at start-up [7].
The harmonic distortion of the LED lamps is higher than the discharge luminaires
(due to the electronic components they contain). The concern of network operators is
that large quantities of these luminaries will negatively impact the network with high
levels of harmonics [6] and supramonics [8]. The concern is that although the absolute value of the emission of a lamp may be low, it is likely that the luminaires will be
installed in large quantities and that the combined emission resulting from the lamps
may be very important. This will result in heating in the conductors and consequently
risk of fire in the installation if the line is not well protected.

Figure 11.
LED driver components. Source: Own elaboration.

Figure 12.
Wire patterns in the LED driver. Source: Own elaboration.
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With regard to peak current at start-up, it can be said that electronic equipment
in luminaires significantly improves their luminous efficiency, which increases the
energy efficiency of lighting installations. However, the use of electronics [for
example the use of electronic ballasts for discharge lamps or drivers for LED luminaires] can also cause some negative effects in the lighting installation. One of these
effects is the large input current [7], which can greatly exceed the permissible line
load and activate the overcurrent protection devices. To solve this problem, a
progressive ignition is carried out by means of circuits, that is to say, turning on
luminaire blocks progressively instead of provoking the massive ignition of the
lamps, in order to try to mitigate this problem (Figure 13) [7].
To finish with the problems that this technology presents, we study the light
part. Recent studies have shown that the use of outdoor LED lighting has a significant environmental cost, since light pollution, due to the colder color temperature
in LED luminaires, degrades ecosystems throughout our planet [9].
It was expected that with the adoption of LED solutions, developed countries
would appear “obscured” in the images taken by a satellite thanks to the lower
impact of this technology, but its massive use has meant that this lighting simply
remains or even increases (Figures 14 and 15).
The results of the study warned of the danger of making light pollution compromise “the well-being of practically any organism of our planet including
humans.”
This type of light has long been considered an important environmental
pollutant that can affect the routines of animals, plants and microorganisms,

Figure 13.
Peak current in the LED light fixture. Source: eldoLED.

Figure 14.
Geographic patterns of changes in public lighting [6].
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Figure 15.
Absolute change in the illuminated area from 2012 to 2016-Fuente: Ref. [6].

but also that of humans, as it disturbs the circadian rhythm, which can lead to
metabolic disorders.
The problem could be minimized by using shorter wavelengths in the
luminaires, that is, LED luminaires with warmer lighting. This is achieved by
doping the LED, but on the contrary we would be reducing its useful life.

2. Methodology
2.1 Materials and methods
Because LED lighting has the advantage of a longer lifespan and light efficiency
has also been improved, as a result, the market for LED lighting devices has grown
rapidly recently. However, due to this fact, there is a serious problem of heat
dissipation, since almost 70% of the total energy consumed by the LED lighting
device is emitted as heat and must be eliminated to obtain greater efficiency and a
longer life. The performance and lifetime of LED luminaires will become deficient
and short if heat does not dissipate properly [2].
Nowadays, it is required that more power be applied to the LED device to produce
more light output, therefore, the total heat generated by the LED luminaire will also
be significantly increased. If it is not cooled sufficiently, both the service life and the
luminous efficiency of the LED device will be reduced. Therefore, to commercialize
high power LED devices, the problem of heat dissipation must be overcome first [10].
The development of an effective cooling technology is considered as an important requirement for a permissible operating regime that does not reduce the useful
life of the lighting devices.
In this last study carried out in the present work, we propose a methodology for
the study of the effectiveness in the dissipation of heat of the different luminaires
under analysis by means of the temperature evolution curve of each one of them.
The realization of said curve was carried out with the help of a thermographic
camera, which will be described in detail in the following sections (Figure 16).
The realization of said thermal study was carried out simulating “real operating
conditions” of the luminaires, that is, a nocturnal operating regime was simulated in
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Figure 16.
Experimental set-up for temperature measurement in luminaires. Source: Self made. FLUKE Ti 25 thermal
camera. Source: User manual. ThermoFiguraTi25 FLUKE camera.

a totally dark room at a normal ambient temperature of 25°C and with an interval of
8 h. continuous work of the luminaries, which is normally the time they remain lit
during the night in a normal day of operation.
This study was carried out studying the five LED luminaires.

3. Experimental analysis and results of actual thermal dissipation in the
lighting laboratory using a FLUKE TI 25 thermal imaging camera
For the acquisition of real data of the luminaries a thermographic camera will
be used in the lighting laboratory of the University of Jaén. Thermal imaging
cameras are devices that convert thermal energy (heat) into visible light to analyze
a particular object or scene. The produced image is known as a thermogram and is
analyzed through a process called thermography. Thermographic cameras are
sophisticated devices that process the captured image and display it on a screen.
These images can be used for an immediate diagnosis or processed through specialized software for greater evaluation, accuracy and performance of the report.
Thermographic cameras take the measurement temperature to the next level;
Instead of getting a number for the temperature, you get an image that shows the

Figure 17.
Flow diagram of the methodology to follow to obtain the theoretical results in the thermal analysis of the five
LED luminaires under study. Source: Self made.
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Atributo
Sensibilidad Termal
Rango de Medición de Temperatura
Precisión Máxima de Medición de Temperatura
Campo de visión H x V
Frecuencia de Actualización
Distancia Mínima de Enfoque
Tipo de Enfoque
Resolución del Detector
Tamaño del Display
Resolución de Display
Peso

Valor
≤90 mK
�20 ! +350°C
�2°C
23 � 17°
9 Hz
15 (Thermal Lens) cm, 46 (Visual Lens) cm
Manual
160 � 120 píxel
3.7 plg
640 � 480 píxel
1.2 kg

Altura

267 mm

Anchura

127 mm

Número de modelo
Longitud

Ti25
152 mm

Source: User’s manual. Ti 25 FLUKE thermal imager.

Table 2.
Table of specifications of the thermal imager.

temperature differences of a surface [11]. Figure 17 shows the flow diagram for the
acquisition of experimental data from five LED luminaires for further study [12]
and comparisons with the theoretical thermal data [13].
3.1 Features of the thermal imager used
The thermal imager used is a FLUKE Ti 25; this camera is manufactured to be
used in very adverse work environments. It captures a digital image with an infrared and merges it. The temperature range is from �20 to 350°C with a pressure of
2°C. The thermal sensitivity is 0.1°C at an ambient temperature of 30°C; this
describes the smallest difference between two pixels in the temperature that the
camera can measure [11]. Table 1 shows the specifications of the thermal imager
used for the study (Table 2).
For the study of the images taken with the thermal imager, the SmartView
software that is supplied with the camera is used. This software contains functions
to be able to analyze the images and organize the stored data [11].
3.2 Emissivity
All objects radiate infrared energy. The amount of energy radiated is based on
two main factors: the surface temperature of the object and the emissivity of said
surface [11]. Most of the measured objects such as painted metal, wood, water, skin
and fabric are very efficient to radiate energy and it is very easy to obtain accurate
measurements. For surfaces that are efficient to radiate energy (high emissivity),
the emissivity factor is estimated at 95% (or 0.95) [14]. The emissivity varies from 0
to 1, for a black body that radiates the maximum infrared energy its value is 1.
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However, this simplification does not work for shiny or metallic surfaces without
painting, a correction of the emissivity is necessary [15].
Emissivity is a very important issue for the measurement of surface temperature
without being in contact [14]. Depending on the material to be measured, the
emissivity will vary [15]. The emissivity determined to obtain the temperatures of
the materials has been obtained from a table of emissivities [16].
3.3 Luminaires under experimental study
The luminaires chosen for the acquisition of data with the thermal imager in the
lighting laboratory are due to the availability of the manufacturers to provide the
luminaires and luminaires that are in the lighting laboratory of the University of
Jaén. In particular there are two luminaires that are currently installed throughout
the city of Jáen (Figure 19).
The first luminaire under study is the ATP Air Series 7 luminaire, see Figure 18.
This luminaire corresponds to a novel design for the improvement of thermal
dissipation and corresponds to Model A, which has performed thermal simulation
for the prediction of heat dissipation and air flow [17].
Another available luminaire is the NaviaP model by Sólydi Led Innovation,
Figure 19, which corresponds to a design in which the heat sink is in contact with
the environment, with a total nominal power of 60 W, 32 LEDs with a power of
1.67 W/LED, the heat sink material is aluminum.
The next luminaire corresponds to the LH-GL1A manufactured by
Luminhome Lighting (Figure 20), with a nominal power of 60 W, which has
18 LEDs with 2 W/LED, the body and housing materials are made of an aluminum
alloy [18].

Figure 18.
Series 7 air LED luminaire from ATP lighting. Source: ATP LED catalog lighting February 2018.

Figure 19.
LED NaviaP luminaire by Sólydi LED innovation. Source: Sólydi catalog.
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Another luminaire to which the experimental data for the study will be taken is
the luminaire T1A-2-80 of Luminhome Lighting (Figure 21). The nominal power of
the luminaire is 80 W, with 2 modules of 14 LEDs, with 2.3 W/LED. The body and
the housing are formed by an aluminum alloy [19].
And the last luminary present in this study corresponds to a Philips luminaire
with a nominal power of 20 W, Figure 22. It consists of 16 LEDs of a power of
1 W/LED, the body and the housing are integrated by an aluminum alloy.
In Table 3 the main characteristics belonging to the five luminaires of the
present study are collected.

Figure 20.
Luminaire LH-GL1A by Luminhome lighting. Source: Data sheet luminaire LH-GL1A by Luminhome
lighting.

Figure 21.
Luminaire T1A-2-80 by Luminhome lighting. Source: Data sheet luminaire T1A-2-80 by Luminhome
lighting.

Figure 22.
Philips 20 W luminaire. Source: Self made.
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Model

Nominal
power (W)

Number
of LED

Power by LED
(W/LED)

DRIVER
power (W)

ATP Aire Serie 7

204

96

2

12

Sólidy NaviaP

60

32

1.67

7

LH-GL1A

60

18

2.7

10

T1A-2-80

80

28

2.3

15

Philips 20 W

20

16

1

4

Source: Self made.

Table 3.
Summary table of the main characteristics of each luminaire.

3.4 Data acquired with the thermal imager
A progressive data collection has been made from the ignition to the thermal
stabilization of the equipment. Taking data periodically until the temperature has
remained stable. The images of the thermal imager represent temperature in
steady state, once.
3.4.1 Thermographic data Air Series 7
When making measurements of the heatsink with the thermal imager and being
a specific material with a certain alloy or formulation in the material compound,
several types of emissivities have been used to obtain the exact temperature
(Figures 23–30).

Figure 23.
Thermal data of the cover. Blue and green area. Plastic emissivity 0.92. Source: Own elaboration from software
SmartView 4.1 Fluke.

Figure 24.
Thermal data of the heatsink. Reddish area emissivity aluminum alloy 0.5. Source: Own elaboration from
software SmartView 4.1 Fluke.
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Figure 25.
Thermal data of the heatsink. Reddish area emissivity aluminum alloy 0.6. Source: Own elaboration from
software SmartView 4.1 Fluke.

Figure 26.
Thermal data of the dissipator reddish zone. Emissivity anodized aluminum 0.77. Source: Own elaboration
from software SmartView 4.1 Fluke.

Figure 27.
Thermal data of the heatsink. Reddish area emissivity aluminum alloy 0.5. Source: Own elaboration from
software SmartView 4.1 Fluke.

Figure 28.
Thermal data of the heatsink. Reddish area emissivity aluminum alloy 0.6. Source: Own elaboration from
software SmartView 4.1 Fluke.
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Figure 29.
Thermal data of the heatsink. Reddish area emissivity anodized aluminum 0.77. Source: Own elaboration from
software SmartView 4.1 Fluke.

Figure 30.
Thermal data of the diffuser. Green zone plastic emissivity 0.92. Source: Own elaboration from software
SmartView 4.1 Fluke.

3.4.2 Thermographic data NaviaP
See Figures 31 and 32.

Figure 31.
Thermal data of the heatsink. Reddish area emissivity anodized aluminum 0.77. Source: Own elaboration from
software SmartView 4.1 Fluke.

3.4.3 Thermographic data LH-GL1A
See Figures 33 and 34.
3.4.4 T1A-2-80 thermographic data
See Figures 35 and 36.
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Figure 32.
Thermal data of the diffuser. Square central area orange color. Emissivity glass 0.94. Source: Own elaboration
from software SmartView 4.1 Fluke.

Figure 33.
Thermal data of the housing. Reddish area emissivity anodized aluminum 0.77. Source: Own elaboration from
software SmartView 4.1 Fluke.

Figure 34.
Thermal data of the diffuser. Reddish area plastic emissivity 0.92. Source: Own elaboration from software
SmartView 4.1 Fluke.

Figure 35.
Thermal data of the housing/heatsink. Reddish area emissivity anodized aluminum 0.77. Source: Own
elaboration from software SmartView 4.1 Fluke.
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Figure 36.
Thermal data of the diffuser. Reddish area plastic emissivity 0.92. Source: Own elaboration from software
SmartView 4.1 Fluke.

3.4.5 Datos termográficos Philips 20 W
See Figures 37 and 38.

Figure 37.
Thermal data of the housing. Orange zone. Emissivity anodized aluminum 0.77. Source: Own elaboration from
software SmartView 4.1 Fluke.

Figure 38.
Thermal data of the diffuser. Reddish area plastic emissivity 0.92. Source: Own elaboration from software
SmartView 4.1 Fluke.

3.5 Evolution of the temperature of the luminaires and maximum temperatures
of the same
In Figure 39, the evolution of the temperature is represented as the operating
time increases.
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Approximately after 5 h of operation, as shown in Figure 39. It is appreciated
that the ATP luminaire reaches a higher temperature due to the nominal power of
operation that is 200 W, significantly higher than the rest of the luminaires. As we
could imagine.
Table 4 shows the maximum temperatures obtained in the last measurement
of each luminaire in the heatsink or housing depending on the luminaire and
the diffuser. It is appreciated that depending on the design, power,
distribution of LEDs and materials, the temperatures vary from one luminaire
to another.
Figure 40 shows the nominal power of each luminaire compared to the maximum temperature reached in the heatsink/housing of each luminaire when the
temperature has stabilized. It is observed that there is no linearity of the nominal
power with respect to the maximum temperature reached due to the different
designs of the luminaires themselves and the characteristic materials that form
them. With an appropriate design of the luminaire, having a sufficient sink contact

Figure 39.
Operating time (min) vs. temperature (°C). Source: Self made.

Model

Maximum temperature
heatsink/casing (°C)

Maximum diffuser
temperature (°C)

ATP Aire Serie 7

99.7

40.2

Sólidy NaviaP

57.7

39.3

LH-GL1A

42.3

67.8

T1A-2-80

58.5

52.1

Philips 20 W

33.7

34.0

Source: Self made.

Table 4.
Summary table of the maximum temperatures of each luminaire.
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Figure 40.
Nominal power (W) of each luminaire vs. maximum temperature dissipater/housing (°C). Source: Self made.

surface and a selection of materials where the thermal conductivity is high, the
results of thermal dissipation will be improved. As shown in Figure 40.

4. Conclusions
The purpose of this study is to compare the results of thermal simulations with
experimental data acquired in the laboratory. The main objectives are compiled and
concluded in this section.
This study focuses on thermal analysis to verify the materials of the luminaires
and verify that the temperature of the LEDs is not too high for the proper functioning of these light-emitting diodes, causing a decrease in the useful life and a
variation of the light properties of the LEDs. All electronic devices and circuits
generate excess heat and require greater attention to avoid premature failures. The
LEDs convert 15% of the applied energy into light and the remaining 85% into heat,
this heat must be dissipated so that the durability and properties of the LEDs are not
affected by the increase in temperature [10, 20–24].
The thermal measurements give the engineer information about the temperature
and the air flow inside the equipment. They allow engineers to design cooling
systems to optimize the design and reduce energy consumption, weight and cost,
and verify that there are no problems when the equipment is built. Most thermal
simulation software uses computational fluid dynamics (CFD) techniques to predict
the temperature and air flow of an electronic system.
In this study, experimental data of five LED luminaires of different powers and
models have been acquired and in the same conditions of contour in the lighting
laboratory with the FLUKE Ti 25 thermal camera, it is indicated that the design is
indeed important due to the dissipation heat of the luminaires for the effective
operation of electronic devices.
At the time of favoring heat dissipation, the dissipator is the most important
component to reduce the binding temperature. Most heatsinks are designed with
fins to increase their contact surface with air and dissipate more heat [25]. It will be
necessary to improve the design of the components of the luminaire to facilitate the
dissipation of heat and favor the passage of air through the heatsink of the luminaires to lower the temperature of electronic devices. To improve the cooling,
ventilations can be incorporated to improve the flow of the air inside and that can
go to the outside.
A major problem with high power LED luminaires is the heat generated inside.
The distribution of the LEDs and the effect of the number of LEDs lit affect the
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junction temperature and strongly participate in the degradation of the LED [26].
Most luminaires contain aluminum heatsinks as a solution. Currently, materials
with new alloys and formulations for an effective thermal dissipation are being
investigated, for example, aluminum nitrate has been developed to be applied as
a thin layer in the dissipaters that has certain advantages over conventional
dielectrics based on polymers or ceramic substrates such as excellent thermal
dissipation and low thermal resistance [27]. The topic of thermal dissipation is the
order of the day, materials are being investigated to be used as heat sinks
that promote greater durability of LEDs due to an improvement in thermal
dissipation [28].
Due to which, it is necessary to bear in mind that the lighting fixtures of public
lighting of discharge and where they are replaced by LED technology, leaving the
housing of the luminaires previously installed, ends up affecting the electronic
devices if there is not good thermal dissipation. As previously mentioned in this
section, the use of natural or forced vents would favor the dissipation of heat from
the electronic components.
Electronic devices are affected by high temperatures. A high LED junction
temperature reduces the useful life, varies the chromaticity and decreases the luminous flux, reducing the luminous properties.
To summarize, it has been shown that the input power is the heat generated by
the luminaire and, depending on the design and the choice of materials, the joining
temperature of the LEDs is higher due to the low heat dissipation that occurs in
them, being detrimental to the proper functioning of LEDs. The choice of an LED,
which has a lower junction temperature than can be reached in the luminaire, could
decrease its properties up to 100%, making this LED unusable for what corresponds
to its operation.
A good design of the luminaire where the circulation of air is favored for the
benefit of the dissipation of the junction temperature of the LEDs will favor the
useful life and improve the efficiency and reliability of the LEDs having better
lighting properties. Apart from the design, a good selection of materials for the
components of the luminaire where the thermal conductivity is high favors the
thermal dissipation of the luminaire.
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Chapter 12

Control Systems and Ornamental
Lighting. A Case Study:
Illumination of the Facade of
Santiago Hospital in Úbeda (Jaén)
Juan Cantizani Oliva, Eduardo Ruiz Vela
and José Zamora Salido

Abstract
We propose the analysis of the control systems associated with ornamental lighting applied to the architectural and monumental heritage from our teaching experience developed since 2017 at the University of Córdoba—Illumination Faculty of
Philosophy of Córdoba, year 2017, and Center of Experimental Culture in the Plaza
de la Corredera, year 2018—and the lighting project of the facade of the Hospital
de Santiago de Úbeda, Jaén. The DMX system is the one which mostly fulfill the
requirements of this kind of lighting. Its implementation is increasingly simple and
is associated in many cases with the type of luminaire to be used and the particularity of differential wiring. This solution allows a personalized, creative, and dynamic
control and the adaptation of the daily lighting to different events of singular
character. It can be used as an instrument of economic revitalization of the tourist
and commercial sectors, and of diffusion of the architectural and historical heritage
values. The application of the Internet of Things (IoT) and Big Data could allow the
creation of a predictive model that helps the spectral design of light sources and an
objective tool that contributes to the confluence of art and science.
Keywords: ornamental, architectural lighting, control systems, personalized,
creative and dynamic control, DMX, differential wiring

1. Introduction
In recent years, architectural lighting has acquired special relevance as an
instrument to vindicate the architectural and historical values of heritage, and as
a revitalizing economical element linked to tourist and commercial sectors [1]. Its
concept has recently changed from a purely functional and security one, to a more
qualitative conception that contributes to the embellishment and singularization of
the city’s heritage [2, 3].
The benefits of including control systems in lighting are unquestionable—light
intensity regulation allows to reduce energy consumption enabling its adaptation to different rates and changes [4]. Traditionally, control systems related to
architectural lighting have been associated with exterior lighting. The origin of
this technology lies in cinematography and entertainment. Until few years ago, the
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most widespread system was the linear analogical control, which was limited by the
number of channels, contacts, and connectors. With the arrival of microprocessors, the use of transmission systems using private protocols, incompatible with
each other, began. Thus, in 1986, the DMX512 aroused at the request of the USITT
(American Institute of theatrical technologies) to turn the communication system
into an efficient standard [5].
Recently, the DXM protocol is acquiring a great development in the field of outdoor lighting and especially applied to the architectural and entertainment types,
which together with the potential offered by LED technology, intelligent lighting
associated with Big Data and the Internet of Things (IoT) [6]; they make illumination that can be understood as a language “light as a language,” with the ability to
express and transmit different situations and events.

2. Methodology
The analysis and the classification of the different types of control are very
complex since most of the available information comes from trading houses, which
use different denominations and lead to their products’ diffusion and consumption.
In our case, the analysis of the different types of control arises not only from the
study of the existing available documentation but also from the teaching experience
developed in this field since 2017 in the Department of Electrical Engineering of the
Higher Polytechnic School in the University of Cordoba.
Methodologically, a first step is proposed by an objective analysis of the variables
that configure the different types of lighting control [7]. These variables have been
divided into four groups—systems, methods, and functionalities of the autonomous and networked systems—whose conjugation generates the different types of
control. This offers a global vision that allows us to frame and know which ones are
acquiring special prominence in architectural lighting.
Next, we will focus on the DMX method, as the most developed in this particular field, analyzing its characteristics and the elements that make up its installation, based on graphics associated with our teaching experience: Lighting Faculty
of Philosophy of University of Córdoba, year 2017, and Center of Experimental
Culture (CEUX Building) in Plaza de la Corredera, year 2018.
Finally, we will analyze a practical case, specifically the lighting project of the
facade of the Hospital de Santiago in Úbeda, which is a tool that allows us to customize the image of the building through the regulation, adjustment, timing, and
programming of different scenes of light and color.

3. Types of control systems: ornamental lighting applied to the
architectural and monumental heritage
3.1 Generalities
The attached table (Figure 1) includes the variables that may participate in the
configuration of the different types of control in the case of interior, exterior, and
ornamental outdoor lighting applied to the architectural and monumental heritage.
Control systems are classified as autonomous and network, depending on
whether there is interconnection between devices. Network systems are the most
used in architectural lighting, since they involve greater savings and flexibility to
combine different strategies. They can be classified into a network by groups, pointto-point and interactive in case of interaction with the user (Figure 2).
248

Control Systems and Ornamental Lighting. A Case Study: Illumination of the Facade of Santiago…
DOI: http://dx.doi.org/10.5772/intechopen.88815

Figure 1.
Summary table of control systems and methods and the functionality of control systems. Source: own
elaboration. Preferential use: interior lighting, exterior lighting, and ornamental exterior lighting
applied to the architectural and monumental heritage.

Figure 2.
Types of network control systems. Source: own elaboration.

In the first case, one can control a group of light points, while in the second, one can
control and supervise individually every points of light. The latter is the most used
in architectural lighting.
The methods of control must be compatible with the luminaire’s driver. There
are methods, such as phase-cut dimmable regulation or PWM, in which the regulation is carried out in the voltage line itself, with distance being the most limiting
factor when working with direct electric current.
Other methods rely on a unidirectional signal, such as 1–10 V or DSI, since the
information flows in a single direction, from the controller to the lighting equipment. In the first case, the signal is analogical on two wires sensitive to polarity,
while in the second, the system is digital, lacking the polarity cable and its topology
is free except for the ring or closed loop.
The Digital Addressable Lighting Interface (DALI) control is not exactly a
control method, but rather a bidirectional communication standard (IEC 62386).
It is independent of the manufacturer and only the logo guarantees compatibility
between the equipment. It provides 256 lighting levels that translate into power
levels between 0 and 100% [8]. The advantage of this technology is the bidirectionality of the system that allows receiving feedback on the status of the luminaire.
Being a digital system, the data cable lacks polarity and its topology is free except
for the ring or closed loop. This greatly helps the installation, making the system
249

Energy Efficiency and Sustainable Lighting - A Bet for the Future

flexible and scalable. It can be point-to-point addressable, or be associated with
other devices; such as sensors or push buttons. It is a method widely used in both
indoor and outdoor lighting.
In front of DALI comes the DMX Control (Digital Multiple X) as a high-speed
control protocol (250 kb/s), which is highly developed in the field of stage lighting. In case of high channel density, DMX over Ethernet can be used, which allows
speeds of 10–100 Mb/s. Some trading houses have developed specific technology
in order to optimize and facilitate the installation and promotion of this method
of control.
The functionality of the autonomous control is related to incorporation of sensors or other devices in the ON/OFF and DALI or DMX control. The functionalities
of network control can be carried out by means of manual control and automatic
control by occupation or regulation, by time, and by control post, the latter being
the most used in architectural lighting.
The central control station allows, through a processor and a specific software
package, to control, monitor, manage, and maintain the lighting system optimally.
There may be different levels of development, from a simple software to a multiuser management and consumption tool, which provides total system information
(control, visualization, maintenance, individual consumption, reports, and alarms,
among others). These functionalities open a wide range of possibilities in the field
of architectural lighting [4].
Thus, there are multiple types of control, each one made by the addition of
a system and a control method, affected by different functionalities according
to the chosen option. In this scenario, with multiple options of control types for
indoor and outdoor lighting, we can frame the control systems associated with
architectural lighting. The most used control system is point to point network
with DMX method-over Ethernet or not-, and central control functionality [9].
This type of control is based on a high-speed control protocol, which is adapted
to the requirements of architectural lighting, since it allows dynamic lighting
installations and also the traditional static lighting to which we are used
today [10].
3.2 Control systems for LED lighting associated with ornamental lighting
applied to architectural and monumental heritage
3.2.1 DMX protocol (digital multiplex)
Control by DMX (Digital Multiple X) technology is a protocol, according to the
DMX512 standard, high speed (250 kb/s) or digital signal control system developed
by the USITT for the lighting of scenarios and shows. It is currently used increasingly in the field of architectural lighting.
The DMX512 [11] is based on the international EIA RS485 standard. The RS485
transfers the information by a differential line made up of two conductors. It has a
high immunity to electrical and electromagnetic disturbances, due to the intrinsic
characteristics of the differential amplifiers, which, in both analogical and digital
applications, remove all unwanted same polarity signals, amplifying the opposite
differential ones [12].
DMX requires a routing process for each luminaire. A DMX universe has 512
channels, each with a regulation capacity between 0 and 255. A monochromatic
light source controlled by DMX generally uses a channel to regulate the light intensity, while an RGB projector will use three independent channels [13]. So, a DMX
universe can control up to 170 independent RGB luminaires.
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In projects with high channel density, DMX is used through Ethernet, which
transfers information at the speed of 10 or 100 Mb/s. The Ethernet network uses a
single connection cable for all the devices of the system, which allows great flexibility and a notable reduction of control cables [14].
3.2.2 Elements that make up the installation with DMX control method
3.2.2.1 Principles of operation
The DMX512 transmits sequentially the data to the channels in asynchronous
mode, at 250 Kb/s. When the transmitter has sent the information to all 512 channels, it informs that the transmission will be made to channel 1 soon and the next
cycle begins. The time spent in a cycle is about 22 ms, so short that you cannot
perceive its delay [15].
3.2.2.2 Luminaires
In order to control luminaires through DMX, they must have a driver [9]. As a
general rule, the number of luminaires in each control module is limited and a DMX
signal amplifier must be added to the network in case of exceeding it.
3.2.2.3 Bypass and amplification boxes
The DMX bus only supports the online topology, and the Y-type branches are
forbidden, since they significantly degrade the quality of the signal and make transmission unsteady [5]. In case of derivations, or when certain lengths are exceeded
(usually 300 m) or more than 30 nodes, it will be necessary to use bypass and/or
amplification boxes, which recondition the signal allowing to extend the distance of
use (Figure 3). These boxes can be isolated to solve eventual malfunctions caused
by rings to ground. In projects with a high density of DMX channels, DMX over
Ethernet can be used, which allows the use of optical fiber and TCP/IP topology.
Some trading houses use specific technology to optimize the installation. In the
case of Philips®, it uses equipment called DataEnablers that, as a bypass box, allow
the connection of data and power in order to simplify and guarantee the operation
of the installation [16].
3.2.2.4 Cabling
DMX512 uses a cable with two conductors according to the characteristics
indicated by the EIA RS485 standard. It consists of a twisted pair (Data (+), Data
(−), and GND) and shielded with a characteristic resistance of 120 ohm (Figure 4).

Figure 3.
Diagram of the DMX control scheme principles. Source: own elaboration.
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Figure 4.
Lighting and sound show Faculty of Philosophy in University of Córdoba, year 2017. Linear installation scheme
formed by Color Grace luminaires of 9° and 15 × 30°, three DataEnablers, iPlayer controller, and wiring
between supply (L,N) and data (D,GND) luminaires. As a temporary installation, a bypass box was not
placed. Source: own elaboration.

The maximum permissible length of the cable is about 300 m, because losses are a
limiting factor when using direct current [17].
A DMX terminator line with a 120 ohm resistor is used to remove a lot of noise
and flickering on the DMX line with fixtures since the transmission may be unstable
and can cause problems [18].
DMX via Ethernet uses a single connection cable for all the devices of the system; this allows a great flexibility and a remarkable reduction of control cables [14].
3.2.2.5 Controller DMX lighting system
This device consists of a DMX controller, usually from 512 to 1024 channels,
which stores a series of sequences or prerecorded scenes. It allows the adjustment
of color, brightness, and intensity depending on different types of transitions [19].
It can be controlled manually or remotely, and it includes an astronomical clock for
programming according to the day and time of the week (Figure 5).
There are higher performance controllers on the market, controlling up to 20
universes or 10,240 channels to 200 universes or 102,400 channels that use DMX
over Ethernet [14]. They may contain, in addition to an astronomical clock, a Web
user interface for remote management and the ability to be integrated in the same
network with other controllers.
3.2.2.6 SaaS software
There are controllers that use software as a service (SaaS) hosted in the cloud
that allows the monitoring, administration, and remote maintenance of the lighting
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Figure 5.
CEUX building in Plaza de la Corredera, Student Lighting Competition, year 2018. Linear installation scheme
was formed by Vaya Linear luminaires, which does not need DataEnablers, iPlayer controller, and wiring
between power supply (L,N,PE) and data (D+, D−, GND). Source: own elaboration.

installations. This solution is likely to acquire a great development in the near
future, since it allows administrators and designers to perform their functions in
the installation quickly and easily, monitor the performance of the system, and
instantly update the software and installation. It also allows the storage of data for
analysis (Big Data), diagnosis and remote solving problems, and long-term maintenance and installation costs decrease [20].

4. Discussion
Traditionally, the control systems associated with architectural lighting were
considered as exterior lighting, being oriented in most cases to a simple time
control, and limiting its study to the analysis of uniformity coefficients and levels of
illuminance of facades.
Thanks to the evolution of the control systems used in the field of cinematography, together with the possibilities offered by LED technology, the implementation
and development of the DMX protocol as a control system applied to the field of
architectural lighting is a credible fact. This control system offers the opportunity for a new understanding of lighting based on the promotion of qualitative,
dynamic, and versatile aspects [21, 22].
This new conception of architectural lighting has not yet permeated deeply in
our society. This type of control makes possible that any installation can be configured as a daily lighting, as a singular, or be part of any show; hence it is dynamic,
with changing nature and with personalization capacity [23].
Its implementation is increasingly simple and is associated with the type of
luminaire used. It only has the peculiarity that it responds to a differential wiring,
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which, although it reduces the formation of noise, makes its connections very
difficult. This aspect is solved when the DMX system is developed over Ethernet,
achieving greater speed and wiring without the above requirements. Obviously, the
development of these DMX systems also generates, as in the case of other control
systems, significant energy savings and reduction of CO2 emissions [4].
The installation of the DMX control system requires the addressing of each
luminaire and the need for a specialized maintenance staff which may be a problem.
The new trend, based on the use of software (SaaS) with cloud service, can be a
long-term solution, since the updating and maintenance of the system is continuous
and instantaneous [24].

5. Conclusions
Color and light influence our emotions, mood, perception and performance;
hence, architectural lighting is a vital tool to enhance and revitalize our cities
through of the exterior lighting of its unique buildings [25].
The DMX control system is probably the type of control that best meets the
demands of current architectural lighting although scarcely widespread in our
society. This solution allows a personalized, creative, and dynamic control, which
allows heritage beautification, and daily lighting adaptation through its programming to different events or singular shows [26].
Sector’s professionalization through dynamic and intelligent lighting systems
requires a highly trained staff. The replacement of an integrated luminaire in a
DMX control system, in case of failure, requires its addressing in addition to its
replacement, aspects for which the sector is not prepared. In this regard, there are
solutions based on DMX control over Ethernet or in the use of SaaS that would
facilitate remote monitoring, maintenance, and updating of the installation.
As alternatives, we must emphasize that the development of new technologies
applied to LED semiconductors can enable the design and spectral control of lighting. The use of the Internet of Things (IoT) and Big Data could allow the establishment of a predictive model that helps to spectrally design light sources from the
consideration of daytime lighting which may result in a way to art and science
confluence [27].

6. Practical case of the illumination of the facade of the Hospital de
Santiago in Úbeda (Jaén)
6.1 Actual state
6.1.1 General description
The Hospital de Santiago de Úbeda was declared a national monument in
1917. After the closure of the Hospital in 1975, it was used as a cultural center for
exhibitions and congresses and a library. The building was designed by Pedro de
Vandelvira in 1562, although completed by his son Andrés. It was built between
1562 and 1575, and must be allocated, as stated in the founding statutes in 1562
established by Don Diego de los Cobos y Molina, to a hospital for patients with
“buboes” (afterward, the assistance to other diseases was extended), chapel for
divine worship, and place of burial [28].
This hospital, in relation to many others built in the sixteenth century in Spain,
stands out for its enormous monumentality. Built by Andrés de Vandelvira, it is one
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Figure 6.
External view and modeling Hospital de Santiago de Úbeda through DiaLux. Source: own elaboration.

of his most outstanding works and one of the best examples of Spanish hospital
architecture of the sixteenth century.
The floor plan is symmetrical and consists of a quadrangular central courtyard
chaired by the chapel, on whose corner is a monumental staircase. The main facade
was destined to sick rooms. The facade is preceded by a podium that rises above the
road (Figure 6). It has an important stone arch in the entrance door and two large
towers at the ends. The front windows, which were smaller in size, were enlarged
in the nineteenth century for hygienic reasons. The towers that delimit the facade
have more a symbolic than a functional value. They were covered by glazed tiles
and spires that were replaced from 1915 to 1965 by gable roofs, attaching a spire of
concrete tiles and pinnacles to the North. Due to its shape, it has sometimes been
called as the Andalusian Escorial.
6.1.2 Current description of the lighting installation
6.1.2.1 General characteristics of the installation
The measurement equipment is located in the outer box that is located at the
foot of the tower. It includes the luminaires that illuminate the main facade of the
hospital and those of the surrounding area. It has a 160 A circuit breaker, five threephase circuits, and one single phase for control and plug.
In the outer frame, there is an astronomical clock in the four circuits for the
control. The total installed power is 24,890 W, of which 8080 W correspond to the
illumination of the facade of the Hospital de Santiago.
6.1.2.2 Types of existing luminaires and current lighting criteria of the facade of
the Hospital de Santiago in Úbeda
The characteristics of the existing luminaires are the following:
• Metal-halide floor projectors and power 250 W.
• Metal-halide projectors in columns and power 250 W.
• Metal-halide projectors at the roofs and terraces and power 400 W.
The analysis of the illuminance and spectrum levels was carried out using a
UPRtek MK350S spectrometer. In the images, the difference in illuminance in %
of the different areas of the facade can be seen. There are very bright areas that
contrast with imperceptible ones; as in the fronts and pilasters giving access to the
podium or the towers that contrast with the front of the main facade (Figure 7).
The spectral distribution shows a metal-halide lamp with a clearly reproducible
61.6 chromatic reproduction index (Figure 8).
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Figure 7.
Analysis of the level of illuminance in %. Source: own elaboration.

Figure 8.
Analysis of the facade illumination of the Hospital de Santiago. Source: own elaboration.

There are luminaires whose position and location are especially aggressive with
the building, like projectors located in the lions of the access pilasters.
6.2 Installation characteristics and lighting proposal
6.2.1 General criteria
The general criteria followed in the lighting proposal for the facade of the
Hospital de Santiago are:
a. Incorporation of a new value—illumination—to the existing reality that will
enhance the presence, manifestation, and reading of this building, being one of
the most relevant and representative of the Renaissance in Úbeda.
b. Energetic optimization through the implementation of control equipment that
allows:
• Energetic monitoring of its operation.
• Management and robust monitoring of energy consumption through the use
of information and communication technologies (ICT) including control
and remote management facilities, connectivity functions, and regulation
of intensity.
c. Energy improvement with an annual reduction of energy consumption and
greenhouse gas emissions.
d.Control system implementation for compliance with the proposal and to combine daily lighting with creative manifestations associated with singular events.
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6.2.2 Proposed luminaires
At the main facade, we propose the replacement of the existing 250 W halogen
lamps by other LED technologies with asymmetric optics and 53 W power. In addition, we will substitute the existing projectors in the access pillars to the podium—
at a visible position—for four 32 W LED projectors [29] (Figure 9).
East and West towers will be illuminated by the nearest luminaires location and
the minimum number of projectors with long-distance lighting capacity—just two
in the East Tower and four in the West—to minimize the consumption and cost of
the installation. In this way, in the East tower, we pretend to arrange an asymmetric
projector on the roof, another on the facade, and two on a column; and in the West
one, an asymmetrical projector on the roof and two on each column.
6.2.3 Lighting analysis
The lighting calculations of the planned installation have been made by Dialux,
considering the determinations of mandatory compliance according to the application of current legislation.

Figure 9.
Types of luminaires and lighting scheme for Hospital de Santiago. Source: own elaboration.

Figure 10.
Lighting proposal—Hospital of Santiago. Source: own elaboration.
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In our case, the average illuminance levels exceed 20 lux established in case
of ornamental flood lighting [30], as it is the main facade. There are no reference
values by accent lighting, as in the lighting of the lateral towers and access pilasters
to the podium lighting (Figure 10).
The proposal gives a greater uniformity to the lighting of the towers and access
podium lighting (Figure 11), as well as improves the chromatic reproduction index
to values higher than 90.
6.2.4 Control system installation
The projected control team is a point-to-point network system, which will allow
the remote management and monitoring of energy consumption through the use of

Figure 11.
Illuminance levels according to DiaLux for Hospital de Santiago. Source: own elaboration.

Figure 12.
Control scheme. Project of facade illumination Hospital of Santiago Úbeda. Linear installation scheme
consisting of Philips Color Kinetics luminaires, 8 DataEnablers, Pharos controller, SaaS, and wiring between
power supply (FNP) and data (+, -, G) luminaires. Source: own elaboration.
258

Control Systems and Ornamental Lighting. A Case Study: Illumination of the Facade of Santiago…
DOI: http://dx.doi.org/10.5772/intechopen.88815

Figure 13.
Table relating to the balance of installed power, CO2 emission, and annual balance. Source: own elaboration.

information and communication technologies (ICT), including control and connectivity functions, and intensity regulation.
We propose a network control system with service (SaaS) hosted in the cloud. It
is made of a DMX installation connected by a device to the Internet. This solution
creates a daylight that can be transformed through its programming into a singular
illumination capable of creative manifestations that turn the building into a symbol
of singular events (Figure 12).
6.2.5 Installed power, CO2 emission, and annual balance
The proposed intervention will reduce CO2 emissions and current electricity expenditure, will carry a better illumination of the facade of the Hospital de
Santiago in Úbeda, and will provide, through the proposed control system, a
dynamic nature to the color and intensity of the installation, enabling the change in
the expressiveness of the building.
As shown in Figure 13, the proposed installation supposes the decrease of the
installed power from 8080 to 2000 W, reducing the annual consumption proportionally by 24,928 kWh/year. The consumption of energy and greenhouse gas emissions
are reduced annually by 75.25% compared to the existing one; and the annual balance in energy and economic terms supposes an annual saving of 5.235 €/year [31].
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The lighting of both exteriors and interiors is a field within electrical and lighting
engineering, where important technological changes have been taking place oriented
towards environmental sustainability and energy efficiency. LED technology has been
gradually gaining ground in the world of lighting over other technologies due to its
high lighting and energy efficiency and savings. However, some problems related to
overheating or associated regulation are emerging. This has prompted the search for
new, more efficient, and sustainable forms of lighting. This book presents successful
cases related to energy efficiency and lighting that may be of great interest to those
trying to enter the world of scientific research.
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