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Energy and environmental prosperity are imperative for sustainable development. 
At the same time, the economies of all countries, and particularly of the developed 
countries, are dependent on secure supplies of energy. The book addresses the vital 
and interwoven areas of energy, environment, and economy in the crucial sustain-
ability perspective. It provides comprehensive coverage of the crucial topics cover-
ing fundamental theoretical and technical details, empirical data, and case studies 
taking into account local and international perspectives. The critical sustainability 
challenges and emerging response and trends especially depleting fossil fuel 
reserves, global warming and climate change, new energy trends and technologies, 
and international and global policies and protocols are covered.

The primary aim of this book is to disseminate the roles and applications of vari-
ous theoretical, modeling, and empirical approaches in dealing with the dynamics 
of energy, environment, and economy in an integrated manner. The key focus is 
better energy policy decision making under the constraints of energy–environment–
economy interactions and sustainability perspective. This edited book is a compila-
tion of chapters contributed by experts in the broader fields of energy, environment, 
economy, and sustainable development. The book has drawn a fine representation 
balance in terms of the three key subject areas: energy, environment and economy. 
It has also attracted contributions from authors bringing together a great deal of 
experiential diversity – they have come from countries in Australia, Europe, Middle 
East, South Asia, North America, and South America. The contributions thus offer 
a reflection of the respective topics not only from the perspectives of developed and 
developing nations but also of the economies in transition. The edited book has 
involved a rigorous review process of the received chapters.

This book contains five parts. Part I, “An Introduction: Dynamics of Energy, 
Environment, and Economy; A Sustainability Perspective,” has one chapter. It pres-
ents an overview of all the chapters of this book. Part II of the book, “Dynamics of 
Energy and Economy,” consists of four chapters including (i) The Framework of 
Renewable Energy Systems and Trends to Promote the Energy Security of the State 
of Baja California, (ii) Importance of Energy for Industries and Role of The Energy 
Sector in Turkey’s Economy, (iii) Impacts of Electricity Subsidies Policy on Energy 
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Transition, and (iv) ZEMCH Strategic Framework for Low Carbon Solutions in 
Sustainable Housing Delivery. Part III, “Dynamics of Energy and Environments,” 
showcases four unique contributions addressing the challenges of energy–environ-
ment dynamics: (i) Role of Hybrid Energy System in Reducing the Effects of Climate, 
(ii) Sustainable Solar Energy, (iii) Coupling Behavior-based Intervention with Pro- 
environmentalism? The Dynamics of Energy Usage, Crisis, and its Conservation, 
and (iv) Dynamics of the Wind-power Supply Chain to Reduce Emissions: How it 
Affects Transmission Congestion? Part IV, “Dynamics of Energy Policy and Climate 
Change,” of this book highlights the role of institutions, energy policies, energy use- 
behavior, and increasing demand for a better understanding of climate change and 
energy policy dynamics in a sustainability context. In this category, we have five 
chapters: (i) Climate Change and Energy Policies: European Union-Scale Approach 
to a Global Problem, (ii) The Role of Institutions in Energy Policy and Environmental 
Protection, (iii) Access and Limitations to Clean Energy Use in Nigeria, (iv) The 
Nexus of Climate Change and Increasing Demand for Energy: A Policy Deliberation 
from the Canadian Context, and (v) Energy Policy and Climate Change. The final 
part V, “Finale,” overviews the key insights and learning points as well as the future 
research possibilities contained in this book in the chapter “Conclusions and Future 
Research.”

We are grateful to the authors of the various chapters for their contributions. It 
had been a lengthy process from the initial long abstracts to developing the full 
chapters and then revising them in the light of reviewers’ comments. We sincerely 
acknowledge the authors’ willingness to go through this process. We also acknowl-
edge the work and knowledge of the members of our review panel.

Thanks to all the people at Springer US, especially Christopher, HoYing, and 
Clement with whom we corresponded for advice and facilitation in the production 
of this book. We wish to record our thanks to Mrs. R. Santhamurthy (SPi Technologies 
India Private Ltd.) who prepared a camera-ready copy of the manuscript with her 
usual professionalism, we wish to record our thanks to her. We are grateful to our 
families for their sacrifice, support, and prayers all along.

Finally, the first author would like the acknowledge the financial support pro-
vided by the Deanship of Research at King Fahd University of Petroleum and 
Minerals (KFUPM) for funding this through project No. BW191001.

Dhahran, Saudi Arabia Hassan Qudrat-Ullah 
Glasgow, United Kingdom Muhammad Asif 
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Chapter 1
Introduction: Dynamics of Energy, 
Environment, and Economy; 
A Sustainability Perspective

Hassan Qudrat-Ullah

Abstract A better understanding of energy-environment-economy interactions and 
a genuine appreciation and recognition of the alarming effects of climate change are 
the essential pre-requisites for any effective energy policymaking in a country. In 
this context, this book contributes with 13 unique chapters covering three major 
themes (i) dynamics of energy and economy, (ii) dynamics of energy and environ-
ment, and (iii) dynamics of energy policy and climate change. Methodologically, a 
range of theoretical, mathematical, econometric, empirical, simulation, optimiza-
tion models and perspectives are used by authors to investigate various issues related 
to energy-environment,-economy interactions. This chapter presents a systematic 
pre-view of the content of this book.

Keywords Energy policy · Energy-environment-economy interactions · 
Econometric models · Electricity supply and demand · Climate change · 
Environmental emissions · Sustainability · Decision making · Policymaking · 
Renewable energy · Electricity energy security

1  Introduction

Energy and environmental prosperity are imperative for sustainable development. 
At the same time, the economies of all countries, and particularly of the developed 
countries, are dependent on secure supplies of energy. On the other hand rising 
demand for energy especially with fossil-based supplies poses serious threats and 
dangers of environmental emissions. Climate change effects add to the complexity 
of energy policymakers. Unless renewables make a big impact on the supply side of 
energy, the noble goal of achieving sustainability and sustainable development will 
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remain elusive. Therefore impetus this book is to address the vital and interwoven 
areas of energy, environment and economy in the crucial sustainability perspective. 
Figure 1.1 provides an integrated view of the critical interactions among key vari-
ables of the energy sector: energy policy influences the supply and usage of energy, 
the trajectory of sustainable development activities, and regulatory oversight for the 
environment. In return, the status of the environment (e.g., level of emissions), 
energy supply and demand gap, and nature of economic development activities pro-
vide critical input to energy policymaking. Likewise, energy policy. Energy usage, 
sustainable economic development, and environment interactively affect each other.

This book provides comprehensive coverage of these crucial topics covering fun-
damental technical details, empirical data, case studies taking into account local and 
international perspectives. The critical sustainability challenges and emerging 
response and trends especially depleting fossil fuel reserves, global warming and 
climate change and international and global policies and protocols are covered. The 
book is written in a reader-friendly manner presenting vital details in the form of 
text boxes, tables and illustrations.

Unified by the common goal of making better decisions in the sustainable pro-
duction and consumption of energy, we invited potential authors to submit and 
showcase their work related to the major theme of this book, “Dynamics of Energy, 
Environment and Economy”. In response to our call, after a double-blind review 
process, 13 contributions (chapters) authored by well-reputed scholars are presented 
in this book. Methodologically, a range of theoretical, mathematical, econometric, 
empirical, simulation, optimization models and perspectives are applied by the 
scholars in their chapters to investigate the issues relevant to the understanding of 
the dynamics of energy-environment- economy interactions.

Energy Policy

Energy Usage

Environment

Sustainable Economic
Developent

Fig. 1.1 A macro view of energy-environment-economy interactions

H. Qudrat-Ullah
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1.1  Methodology

In our call for contributions to this volume on “Dynamics of Energy, the Environment, 
and the Economy: A Sustainability Perspective,” we went through various email lists 
of professional associations IEA, IRENA, IPCC. We also posted the call for chapters 
at the message boards of a few international conferences on the related topics. Personal 
invitations were also sent to target authors as well. We received a total of 21 “two-
page” long abstracts as the expression of interests. Based on the initial screening by 
our review panel, the authors of 16 chapters were invited to submit the complete chap-
ters. We received 16 chapters from the contributors that went through a double-blind 
review process. The reports from the independent reviewers were sent to the authors 
to address the issues and incorporate the suggestions made by the reviewers. Only 13 
chapters made it to the final stage of acceptance. The final versions of these 13 chap-
ters have been edited and included in this volume.

1.2  Research Categories

The chapters thus compiled are classified into five categories following the structure 
of the book. The first category, the current one, presents the introduction and preview 
of “Dynamics of Energy, the Environment, and the Economy: A Sustainability 
Perspective” The second category examines the dynamics of energy and the economy. 
Four state-of-the-art chapters in this theme include (i) The Framework ofRenewable 
EnergySystems and Trends to Promote theEnergy Securityof the State of Baja 
California, (ii) Importance of Energy for Industries and Role of The Energy Sector in 
Turkey’s Economy, (iii) Impacts of Electricity Subsidies Policy on Energy Transition, 
and (iv) ZEMCH Strategic Framework for Low Carbon Solutions in Sustainable 
Housing Delivery. The third category showcases four unique contributions addressing 
the challenges of energy-environment dynamics: (i) Role of Hybrid Energy System in 
Reducing the Effects of Climate, (ii) Sustainable Solar Energy, (iii) Coupling Behavior-
based Intervention with Pro-environmentalism? The Dynamics of Energy Usage, 
Crisis and its Conservation, and (iv) Dynamics of the Wind-power Supply Chain to 
Reduce Emissions: How it Affects Transmission Congestion? The fourth category in 
this book highlights the role of institutions, energy policies, energy use-behavior, and 
increasing demand for a better understanding of climate change and energy policy 
dynamics in a sustainability context. In this category, we have five chapters (i) Climate 
Change and Energy Policies:European Union-Scale Approachto a Global Problem 
(ii) The Role of Institutions in Energy Policy and Environmental Protection, (iii) 
Access and Limitations to Clean Energy Use in Nigeria, (iv) The Nexus of Climate 
Change and Increasing Demand for Energy: A Policy Peliberation from the Canadian 
Context, (v) Energy Policy and Climate Change.

The final category, Finally, overviews the key insights and learning points as well 
as the future research avenues contained in this book.

1 Introduction: Dynamics of Energy, Environment, and Economy…
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2  Dynamics of Energy and the Economy

2.1  A Framework of Energy Security Through Renewables

Energy security and economic development go hand in hand. Lopez-Leyva et al. 
(this volume) in Chap. 2, “The Framework of Renewable Energy Systems and 
Trends to Promote the Energy Security of the State of Baja California” presents an 
analysis and conclusion regarding the role of energy security in the development of 
Mexico. According to them,

The concept of security is very important for the economic and social development of any 
region, state or country. In particular, the concept of energy security is now more important 
due to the negative effects of climate change and the high dependence on fossil fuels. Thus, 
the traditional energy security based on the use of fossil fuels is becoming highly question-
able and renewable energies seem to be the best option to provide true energy security tak-
ing care of the environment and society in general. This chapter presents the current 
framework of renewable energy systems that impacts the energy performance and avail-
ability in the state of Baja California (which is part of the Cali-Baja region, formed by the 
hypothetical union of the states of California and Baja California) with the objective of 
promoting the energy security of the state. Finally, an analysis and conclusion regarding the 
energy security of the state are presented based on the energetic potentialities considering 
the autochthone renewable energy sources and the current energy regulatory framework 
of Mexico.

2.2  Role of the Energy Sector in Turkey’s Economy

Through a comprehensive analysis utilizing the input-out modeling, in Chap. 3, 
“Importance of Energy for Industries and Role of The Energy Sector in Turkey’s 
Economy”, Topcuoglu and Orla (this volume) examined the importance, impact, 
structure and relationship of the energy industry with other industries for the case of 
Turkey. They used the input-output model to analyses 2002 and 2012 data. They 
obtained input coefficients matrix, Leontief matrix and Leontief inverse matrix via 
the Input-Output tables of 2002 and 2012. They analyzed key sectors in the econ-
omy, forward and backward linkage effects and income, output and employment 
multipliers of all industries with the input-output model. According to the results of 
their analysis, the energy industry was found to be the key sector in both years and 
the energy industry has an important place in the Turkish economy. Their key find-
ings are (i) although the output multiplier value in the energy sector is high, employ-
ment and income multiplier values are found to be low, (ii) the low value of the 
income multiplier in the energy industry shows that Turkey is dependent on foreign 
energy and (iii) the high production multiplier value in the energy industry means 
that the degree of structural correlation is high.

H. Qudrat-Ullah
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2.3  Dynamics of Electricity Subsidies Policy 
on Energy Transition

In Chap.4, “Impacts of Electricity Subsidies Policy on Energy Transition” 
Dhakouani et al. (this volume) present a critical review and analysis of the impact 
of electricity subsidies policy energy transition in the case of Tunis. According to 
the authors of this chapter,

Energy subsidy programs are socio-economically designed to offer modern and affordable 
energy, accessible for specific social groups, protect the domestic industry, stimulate eco-
nomic development and protect the environment. However, in several countries, energy 
subsidies have deviated from their objectives and become an energy budget burden and a 
sustainable development barrier. Many questions arise: what are exactly energy subsidies? 
How are they implemented in a country mechanism? And what are their real effects?

In this chapter authors present a review of energy subsidies: definitions, typologies, 
measurement approaches and effects. They also examine the reforms to help 
decision- makers phase out energy transition barriers related to subsidies. They pres-
ent the case of the Tunisian power system in deeper detail, characterized by a heavy 
burden of end-users electricity subsidies and an energy transition aiming 30% of 
renewable energies by 2030, against 3% in 2019. Using a holistic approach, based 
on hybrid energy systems modeling, they present insights on reforming electricity 
subsidies and achieving sustainable development. This approach, according to 
authors, links subsidies, pricing, emissions, demand and supply of the power system 
through the advanced version of OSeMOSYS. Finally, dynamics between energy, 
economics and environment are appealed within an integrated analysis of electricity 
subsidies policy.

2.4  Energy Efficiency as a Framework for Low 
Carbon Solutions

Low carbon solutions are at the heart of the UN’s Sustainable Development Goals. 
Noguchi (this volume) in this chapter, Chap. 5 “ZEMCH Strategic Framework for 
Low Carbon Solutions in Sustainable Housing Delivery”, presents a strategic frame-
work for low carbon solutions in sustainable housing delivery. According to 
Noguchi,

In the light of Sustainable Development Goals acknowledged by the United Nations, homes 
today need to be socially, economically, environmentally and humanly sustainable. This 
diverse sustainable housing production challenge necessitates multidisciplinary stakehold-
ers’ effective collaboration on the R&D actions. To form the global collaboration platform, 
the ZEMCH Network was established in 2010. ZEMCH is an acronym of Zero Energy 
Mass Custom Home which was conceptualized with the aim to function as a new domain 
for sustainable housing development in global contexts. For the purpose of ZEMCH design, 
production and marketing knowledge generation, collection and dissemination, the global 
network initiated and operated the academic conferences, industry-focused technical study 

1 Introduction: Dynamics of Energy, Environment, and Economy…
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tours and the design training workshop. In consequence, several housebuilders and housing 
manufacturers, who participated in the knowledge transfer activities, embarked on ZEMCH 
delivery in their local contexts.

In this chapter Noguchi crystallized ZEMCH strategic framework for low carbon 
solutions in sustainable housing delivery through reviewing the design, production 
and marketing innovations applied to ZEMCH practices selected in Japan, Canada 
and Scotland.

3  Dynamics of Energy and Environment

3.1  On Dealing with the Effects of Climate Change Through 
Hybrid Energy Systems

Continuing with the theme of dealing with the effects of climate change, 
Bhattacharjee et al. (this volume) present in their chapter, “Role of Hybrid Energy 
System in Reducing the Effects of Climate,” simulation-based analysis of the role 
of hybrid energy systems in reducing the effects of climate change. According 
to them,

Climate change is a very rising topic nowadays since the climate of this world is changing 
rapidly day by day. In the technical field, it is seen that so many things or techniques used 
here, which have a very bad impact on our environment like the use of non-renewable 
energy sources, emission of greenhouse gases and so on. At present electric power genera-
tion is mainly dependent upon non-renewable sources. Due to the rapid uses of non- 
renewable energy sources, its storage reserves are decreasing rapidly. So an alternate source 
is required and that is the renewable energy source, nowadays renewable sources are uti-
lized but in a small amount. Renewable sources are environmentally friendly, so using 
renewable energy sources are more preferable than non-renewable sources for the better-
ment of our environment. Due to rising environmental concerns day by day, the utilization 
of renewable energy need to be increased as much as possible. There are so many remote or 
island places in this world where huge numbers of renewable sources are available which 
can be used for power generation. And the most important thing is that they have no effect 
(or very less effect) in this environment. So our goal is to model and simulate a grid- 
connected solar-wind hybrid energy system which is used to solve the problems regarding 
power generation.

In this chapter, Chap. 6, the authors present a 24-h case study analysis by taking the 
real-time data of solar radiation and wind speed of a selected location. The results 
of this analysis indicate that the hybrid system is profitable and environmentally 
friendly. Their analysis includes a detailed discussion on climate change, the harm-
ful effects of non-renewable energy sources on the environment and the need for a 
renewable energy-based hybrid energy system to combat climate change. They hop, 
by this explanation we will get to know more about how renewable energy sources 
mitigate two problems – climate change & power demand.

H. Qudrat-Ullah
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3.2  Solar Energy and Environmental Emissions Reductions

Advancing the theme on “renewable energy and environment”, George (this vol-
ume) in his chapter, Chap. 7 “Sustainable Solar Energy” delineates in detail the 
solar technology and its impact on dealing with environmental emissions. According 
to Geroge,

Solar energy is one of the most rapidly developing renewable energies in the world. The 
global solar PV market has been exceeding future market projections and giant untapped 
markets are only now waking up. For many years proposals have been made about using the 
Sahara desert as a place where a gigantic solar farm would be able to power the world. But 
is solar energy always the best solution out there? What can hold it back? What are some 
major drawbacks it has? Νοτ all solar energy applications are created equal. Even amongst 
certain applications – for example PV- there are numerous technologies that are competing 
for greater efficiency, lower cost etc. In fact this can go even further, as apart from the more 
mainstream PV and solar thermal panels, other applications exist such as solar parabolic 
troughs, solar concentrators, solar desalination, solar ponds etc.

In this chapter Geroge provides an overview of various solar technologies, explains 
their characteristics and discusses case studies and scenarios for best practice in 
regards to maximizing energy yield, minimising environmental impacts and making 
sure that solar energy is used in the most sustainable way possible.

3.3  Energy Use Behavior as a Tool for Pro-environmentalism

Prabatha et al. (this volume) in their chapter, Chap. 8, “Coupling Behavior-based 
Intervention with Pro-environmentalism? The Dynamics of Energy Usage, Crisis 
and its Conservation,” provides a comprehensive review and analysis of the dynam-
ics of energy use, crises, and its conservation. According to the authors of this 
chapter,

Higher cost and crisis of energy vis-à-vis increasing consumption have been a twin but a 
contested paradox. The rapidly growing energy demand has prompted many countries, 
including Canada to undertake manifold energy-saving initiatives. However, these are pre-
dominantly technology-driven and no apparent measures are taken yet to address and mod-
ify the end-users’ behavior in the residential sector. In order to reduce the rate of growth of 
residential energy consumption, it is critical to engage the end-users through better educa-
tion and awareness while using the inherent pro-environmental behavior (PEB). This is 
even more critical e.g. for the new immigrants and first nation Canadians. Given this back-
ground, this chapter essentially presents (i) the importance of behavior-based, non- technical 
interventions on end-users’ perceptions of energy conservation; and (ii) its impact on the 
nature of consumption at the household level. Empirical findings from the East and current 
practices from the West are drawn to investigate these phenomena. The other part sheds 
light on the prospect and need for behavior-based interventions toward reduced energy 
consumption. While the time of use (TOU) is in effect, some forms of PEB exists among 
the residential users in Ontario. With this taken into account, the paper calls for a renewed 
policy insights on ‘investment’ and ‘curtailment’ behavior approaches to assess the ‘lon-
gevity’ effects on energy consumption. This, in turn, stems the foundational need for 

1 Introduction: Dynamics of Energy, Environment, and Economy…
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 ‘collaborative’ think-tank for the multi-disciplinary professionals, including engineers, 
urban developers, environmentalists, planners, sociologists, economists, and 
psychologists.

3.4  On Dealing with Environmental Emissions Through 
Wind-power: A Case Study in Brazil

Promoting renewable wind-power as a mean to deal with the environmental emis-
sions, Herra et al. (this volume) in this Chap. 9, “Dynamics of the wind-power sup-
ply chain to reduce emissions: How it affects transmission congestion?,” present a 
case study in the context of Brazil. They posit that delays in new transmission line 
construction produce drawbacks that can lead to a precarious energy planning. 
According to them,

As there is a delay between the licensing process and complete lines, it could create uncer-
tainty as well as transmission congestion. In this context, it is essential to estimate the 
impact the transmission congestion might have on the reduction of emissions. To assess the 
effects of power grid congestion on emissions; first, it was necessary to design a simulation 
model, then some simulation scenarios were provided for analyzing the dynamic behavior 
of the wind-power supply chain.

In this chapter, they present the findings of the case study conducted in Brazil. Their 
analysis shows that options to reduce emissions through the current energy policy 
of Brazil might is affected by delays in transmission construction.

4  Dynamics of Energy Policy and Climate Change

4.1  On Dealing with the Effects of Climate Change through 
Energy Policies

Adding to the theme of “energy policy and climate change,” in Chap. 10, “Climate 
Change and Energy Policies: European Union-Scale Approach to a Global Problem”, 
Sahin and Ayyldiz (this volume) present an econometric-based analysis of energy 
resources and climate change. The goal of their research was to examine the rela-
tionship between climate change and energy resources within the scope of the 
European Union by using static panel data method and Root Mean Square Error 
methodologies for the period of 1990–2018. Specifically, they evaluated the effects 
of the consumption in nonrenewable and ecological energy resources on CO2 emis-
sions. Under the related purpose, the variables of CO2 emissions, which have the 
greatest impact on the climate change parameter among the greenhouse gases; oil, 
natural gas, coal, nuclear energy, hydroelectric energy, wind energy, geothermal 
energy, solar energy and biomass energy-related to energy parameter were used. 
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According to their findings of the unit effective fixed-effects model; it was con-
cluded that coal, natural gas and oil consumption increased CO2 emissions while 
ecological energy consumption decreased CO2 emissions. Oil consumption was the 
most influential variable in CO2 emissions. Root Mean Square Error findings indi-
cate that the variable which has the highest effect on CO2 emissions is geothermal 
energy consumption; and the lowest effect variable is the consumption of oil energy.

4.2  Energy Policy and Environmental Protection in Pakistan

Asif and Majid (this volume), authors of this Chap. 11, “The Role of Institutions in 
Energy Policy and Environmental Protection,”, makes the case for the role of insti-
tutions in shaping the energy use and environmental awareness in a country. They 
begin with the assertions that the sustainable development of a country largely 
depends on its energy production and efficient utilization of available natural 
resources. In this regard, the role of institutions is very much imperative to set the 
rules of the game. In their chapter, authors discuss (i) the nature of institutions and 
types of social institutions, (ii) the theories related to the institutions, and (iii) the 
concept of energy and environmental constraints. They contribute with a case study 
on the environmental protection act and energy policy of Pakistan.

4.3  Access and Limitations to Clean Energy Use in Nigeria

Popoola and Adeleye, in Chap. 12 “Access and Limitations to Clean Energy use in 
Nigeria” contribute with a review and analysis of various factors and experiences of 
clean energy usage in Nigeria. They begin by asserting that the energy situation in 
Nigeria has always been a paradox. According to the authors,

despite having abundant energy resources in the country, widespread energy poverty is 
faced by the citizenry: about 60% (74 million) are not served with electricity, while another 
94% (171 million) do not have access to clean energy. In a bid to cushion the effect of 
energy poverty, households and business enterprises in Nigerians relied on the constant use 
of generators, which is not eco-friendly, is costly and is harmful to human health.

In their study they adopted a think-through thematic methodological analysis, which 
involves the mapping of the country’s potential clean energy sources. Then the the-
matic literature reviews were integrated to investigate the clean energy experience 
in the country. Taking into consideration the geopolitical classification of the coun-
try, they conducted interviews to examine the energy conditions in the country and 
the limitation to the maximization of clean energy within their locality, as well as 
the perception of its acceptability within the country. Their findings show that the 
main factors limiting the use of clean energy in Nigeria are exorbitant costs of 
installation and maintenance, inadequate investment in the energy sector; 
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non- involvement of the private sector, and the subsidies granted to generators of 
energy from fossils.

4.4  The Nexus of Climate Change and Increasing Demand 
for Energy

Energy use and its impact on climate change is the subject of this chapter, Chap. 13 
“The Nexus of Climate Change and Increasing Demand for Energy: A Policy 
Deliberation from the Canadian Context.” Karunathilake et al. (this volume) discuss 
this topic by conducting a comprehensive review. According to them,

Canadian energy demand has been increasing due to population, industrial, and economic 
growth, and the effects of climate change have gained more visibility. Energy use is a major 
contributor to anthropogenic climate change. Therefore, global scale energy management 
strategies are paramount in climate change mitigation. However, the complicated ‘mar-
riage’ between climate change, energy demand and consumption, and the policy instru-
ments too. Therefore, this paper attempts to study the effect of policy instruments on energy 
demand and identify other causes behind the demand trends. A comprehensive review of 
governmental policies assessed the consistency and effectiveness of existing policy instru-
ments. Communication models for the participatory involvement of stakeholders in mitiga-
tion initiatives as well as the financial benefits and offsets were critically evaluated. Often, 
the views of some stakeholder groups, including the individual households and citizens are 
not successfully captured in policies. There is an apparent gap between the regulatory 
instruments and policies at the territorial, provincial and local governments. Most stake-
holders possess limited knowledge due to missing or partial information about energy 
demand and the outcomes of various policies.

Authors hope that this paper will trigger scholarly discussion focusing on the 
dynamics of energy demand and regulatory instruments and policies for climate 
change mitigation.

4.5  Energy Policy and Climate Change

In the final contribution to the theme, “Energy Policy and Climate Change”. Dubey 
(this volume) presents in his Chap. 14 “Energy Policy and Climate Change” a com-
parative analysis of several countries’ energy policies and their relationship with 
climate change. Dubey begins his analysis by posing some serious questions. 
He says,

Is economic growth and development a zero-sum game vis-à-vis the environment; i.e. must 
economic welfare always come at the cost of environmental damage? This is one of the 
most fundamental questions facing humanity today – whether there is a way for both the 
economy and the environment to flourish, or if we must always make trade-offs between 
what’s best for each. Avoiding knee-jerk reactions wholly in favor of either side is important 
for society, as evidenced by the disorder experienced in several countries around the world 
at the hands of self-declared guardians of the environment. The fact is that climate change 
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is not limited to a national boundary but is tied to international actions and reactions. While 
the price an economy pays for a sustainable future is purely a local price, the social costs 
resulting from environmental damage is shared globally. Hence, even if a government com-
pletely capitulated to the environmental extremists’ demands, there would still be environ-
mental impacts to mitigate. In addition to developing energy policies to reduce carbon 
emissions, policymakers must act to ready their economies to deal with climate change. 
Can energy policies be designed to simultaneously provide social and environmental ben-
efits? The answer is an emphatic yes.

In this chapter then he shares examples of a select subset of countries, reviewing 
their climate change agendas and targets, in conjunction with supporting environ-
mental policies. Specifically, he provides a systematic assessment of the economic 
impacts of such measures, and the long-term impacts of such policies on energy 
supply and demand.

In the final chapter of this book, Chap. 15, Asif (this volume), conclude with key 
insights gleaned from the showcased contributions in this book. Both the research-
ers and the practitioner can get a quick glimpse of this book by ready this finally.

5  Concluding Remarks

For this book project, we started our journey in search of “theoretical and empirical 
underpinnings of the dynamics of energy, environment, and economy within the 
context of sustainability perspective”. In this quest, we are successful in presenting 
13 unique contributions in three major themes: (i) dynamics of energy and econ-
omy, (ii) dynamics of energy and environment, and (ii) dynamics of energy policy 
and climates change. With regards to the theme of “dynamics of energy and econ-
omy” we have four leading contributions addressing the key issues pertaining to 
energy security, renewable energy supply, low carbon economy, and sustainable 
economic development. Also four chapters from renowned scholars of the filed sup-
port the theme “dynamics of energy and environment”. Finally, the “energy policy 
and climate change” theme have five equally unique contributions covering the 
critical aspects of dealing with the effects of climate change. These critical aspects 
include the effective design of energy policies, enactment of regulatory measures, 
and the initiation of clean energy initiatives. Consistent with the objective of this 
volume “in the context of a global perspective,” we have six state-of-the-art contri-
butions from Brazil, Mexico, the US, Canada, the Middle East, Pakistan, Australia, 
and Europe.

It is worth noting that contributions in this volume have deployed a range of 
theoretical, mathematical, econometric, empirical, simulation, optimization per-
spectives and models to investigate the critical issues relevant to the integrative 
nature of sustainability through a better understanding of energy, environment, 
economy interactions. Also, by utilizing the identified research gaps summarized in 
the final chapter of this book, researchers in the energy systems domain can 
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continue their research on important issues related to climate change and energy- 
environment- economy dynamics.
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Abstract The concept of security is very important for the economic and social 
development of any region, state or country. In particular, the concept of energy 
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use of fossil fuels is becoming highly questionable and renewable energies seem to 
be the best option to provide true energy security taking care of the environment and 
society in general. This chapter presents the current framework of renewable energy 
systems that impacts the energy performance and availability in the state of Baja 
California (which is part of the Cali-Baja region, formed by the hypothetical union 
of the states of California and Baja California) with the objective of promoting the 
energy security of the state. Finally, an analysis and conclusion regarding the energy 
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the autochthone renewable energy sources and the current energy regulatory frame-
work of Mexico.
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1  Introduction

Nowadays, energy security is a critical parameter for the social and economic devel-
opment of any country, state, and region. Also, the use of renewable energy helps 
and directly supports the conservation of the environment, because the concentra-
tions of diverse pollutants expelled to the environment are reduced. In fact, energy 
security and the use of renewable energies are factors that increase competitiveness, 
and not only for countries and regions but also for companies (Bilan et al. 2017; 
Tvaronavičienė et  al. 2015; Nyga-Łukaszewska and Chilimoniuk- Przeździecka 
2017; Perrels 2003). However, ideal or near-optimal scenario regarding energy 
security and renewable energies is not a trivial mission. In order to clarify, the elabo-
ration of the framework for the two concepts mentioned is a challenge for any coun-
try, region, and company (Ang et al. 2015; Wang and Zhou 2017; deLlano-Paz et al. 
2016). Thus, the California – Baja California Region, also called Cali-Baja region 
(which is formed of the hypothetical union of the states of California and Baja 
California) is considered very important for the economic, social and educational 
development of both sides. Because the state of Baja California is located on the 
side of California state of the United States of America, there are important chal-
lenges and trade-offs that have to be considered in order to increase competitive-
ness. In fact, the Baja California-California border is the busiest land border crossing 
around the world. The traffic is not only related to people but with a wide variety of 
materials, products and services. This means a strong competition between indus-
tries and, in some way, between people and governments (Powers 2005; Kozo et al. 
2018). In this context, energy security is an important key in order to increase com-
petitiveness based on the independence of resources, with energy being the princi-
pal resource used on a large scale by the whole society and industries. Thus, an 
adequate energy framework based on national policies with the permanent coopera-
tion of society allows increasing regional competitiveness. Particularly, in the state 
of Baja California, agro-business, fish farmer business and industries highly pro-
mote energy security and sustainability to strengthen the regional economy based 
on the uses of renewable energy systems and good sustainability practices (Melgar 
2010; Valenzuela and Qi 2012). In addition, the government also supports the 
energy framework and energy security using energy from different generation 
plants, e.g. high-enthalpy geothermal, wind and photovoltaic (Pinti et  al. 2019). 
Considering the aforementioned, this chapter aims to share with the reader the 
energy framework of the state of Baja California and the current national policy 
related to sustainability in Mexico. In addition, important details will be shown 
about our case study based on real data on energy security that is supported by par-
ticular users, small, medium and large businesses using Renewable Energy 
Certificates.

The chapter is organized in the following way. Section 2 describes the general 
energy demand of the state of Baja California as a starting point of the energy secu-
rity concept. Next, Sect. 3 presents the current energy policy of Mexico and of the 
state of Baja California. Section 4 describes the energy security of the state of Baja 
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California. Sections 5 and 6 show some important information related to the renew-
able energy systems used in Baja California and mention the state energy potentiali-
ties based on sea energy. Next, Sect. 7 presents the relation of the autochthone 
energy generation and energy security of Baja California in order to increase the 
competitiveness. Finally, Sect. 8 presents the conclusion.

2  Energy Demand of the State of Baja California

Currently, society has a high dependence on systems that consume electricity as part 
of daily activities. Thus, each system has particular energy consumption specifica-
tions, so that the sum of all the particular consumptions will be known as Energy 
Demand (ED). In addition, the energy demand of a system is not always the same, 
it presents certain variations related to the turn-on and turn-off, holiday periods, 
days off, weather, among others parameters and conditions. Generally, there is a 
greater energy demand in the summer season, when the use of cooling systems 
increases due to the intense heat that occurs. In terms of the energy supply used, it 
is provided by the National Electricity System (NES, or SEN for its acronym in 
Spanish), and this is composed of the public and private sectors; the public sector is 
integrated by the infrastructure of the Federal Electricity Commission (FEC, or CFE 
for its acronym in Spanish), and by the Independent Power Producers (IPP, or PIE 
for its acronym in Spanish), among which are the permittees of the private sector 
(Secretaria de Energía 2013). To determine the variation of energy consumption, the 
National Energy Centre (NEC, or CENACE for its acronym in Spanish) makes the 
forecasts of maximum energy demand have all available generation resources as a 
preventive measure. In addition, the Secretary of Energy (SENER) publishes an 
annual Energy Balance (EB, BNE for its acronym in Spanish), which presents infor-
mation related to the supply and demand of energy, the energy produced, how much 
is exchanged with the outside (i.e. export) and how it is allocated to the different 
sectors and economic agents, this serves as a comparative basis for system varia-
tions (Secretaria de Energía 2016a). To elaborate on this type of reports, certain 
statistical information is considered, which is determined by means of indicators, 
associated with population growth and economic development, as well as environ-
mental. On the other hand, for the generation of energy a primary source is needed, 
in 2008 Mexico was considered as the country that uses the highest percentage of 
oil products as the primary source of energy for the generation of electricity (sec-
ondary energy source). As mentioned, the generation of electricity is determined by 
the NES, which at the national level is organized by nine regions given its opera-
tional infrastructure. Its operation is under the responsibility of eight control centers 
(Secretaria de Energía 2013).

In addition, the country is divided into nine regions to determine a statistic of the 
electricity market. In 2012, the northwest region, which corresponds to the state of 
Baja California, had total sales of 28,817 GWh. In particular, the Baja California 
state had 9797.78 GWh, representing 34% of total sales. In order to clarify, the state 
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of Baja California is categorized in another region, since it is not connected to the 
national network. Therefore, it can be said that the state of Baja California is an 
autonomous state since it generates its own electricity; and its operation is adminis-
tered from the city of Mexicali. Also, the Baja California state has an energy base 
composed of petroleum derivatives and natural gas as primary energy sources. 
However, the state does not own these resources natively, for example, natural gas 
is imported since there is no connection with the National Gas Pipeline System 
(NGPS, or SNG for its acronym in Spanish). In addition to these sources for the 
production of electricity, the state of Baja California is one of the most important 
generators of electricity in the field of renewable energy, mainly using geothermal 
energy (Secretaria de Energía 2016b). Regarding the electricity generation of the 
state, there are private and public power plants. In 2008, the installed capacity of 
electricity generation was 2341 MW, equivalent to 4.6% of the installed capacity in 
the country. For 2009, it was increased to10 MW, because some wind farms were 
installed in Mexicali (Muñoz-Meléndez et  al. 2012). Also, the power plants are 
distributed in two sectors, the Coast and Valley sector. The coastal sector is com-
posed of Tijuana, Rosarito, Tecate, and Ensenada, and the valley sector is made up 
of Mexicali. Table 2.1 shows the infrastructure and generation capacity of these two 
sectors. By 2010, there were 11 electrical units for Tijuana, Rosarito and Tecate, 
with a total capacity of 1348 MW. It is worth mentioning that Turbo Gas (TG) units 
are used as a reserve for any contingency. Ensenada city has 2 TG units. In this sec-
tor, there is a total installed capacity of approximately 1400 MW, but considering 
the effective capacity (without the reserve) there is an amount of approximately 
1190 MW. In the case of the Valley sector, there are 13 geothermal energy units in 
Mexicali, where 5 units are considered for reserve. There is a Combined Cycle Plan 
(CCC) unit and a TG unit which is for backup. So, the installed capacity of the state 
is 2700  MW approximately, where the effective capacity is 2416  MW approxi-
mately (Nieblas-Ortiz and Quintero-Núñez 2006).

On the other hand, there are also electric power plants located in the city of 
Mexicali with the main objective of exporting energy to the United States of 
America. There is a combined cycle unit with a capacity of 310 MW which is man-
aged by the company, Energía de Baja California, and the thermoelectric plant of 

Table 2.1 Information of 
coast and valley sectors

Coast Sector
Locations Units Power generation (MW)
Tijuana-Rosarito-Tecate 6 TC 320

2 CCC 818
3 TG 210

Ensenada 2 TG 52.43
Valley Sector
Cerro Prieto 13 GEO 720
Mexicali 1 CCC 506
Mexicali 1 TG 72.5
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Mexicali operates a 650 MW combined-cycle unit. The company Energía Azteca X 
S. de R.L de C.V operates part of the La Rosita plant and has a capacity of 750 MW, 
of which 660 MW is for the FEC and 90 MW is for export. The La Rosita plant 
belongs to InterGEn (North American firm), this plant provides 600 MW that are 
for export by the private sector. Another company that is in the private sector is 
Sempra Energy which provides 600 MW, giving a total of 1200 MW between the 
two companies that represent 40% of exports, both plants are combined cycle and 
operate with natural gas. Considering the electrical public and private service of the 
state, there is an installed capacity of 3000 MW, approximately. With these facili-
ties, the electricity sector produces 9156.6 GWh, which represents 5.7% of the total 
energy produced in Mexico. In addition, the Baja California state has an installed 
capacity of 166  MW based on wind power plants with an annual generation of 
272.6  GWh (Muñoz-Meléndez and López-Vallejo 2018). In order to carry out 
energy trade in the border with the United States of America, a high power electrical 
interconnection is used between the states of California and Baja California. This 
electrical transfer is made through the NES (at the Mexico side) and the Western 
Electricity Coordinating Council (WECC) at the USA side. This generates a backup 
for contingencies and the possibility of having an operational reserve margin. 
However, there is a project to interconnect the Baja California area with the National 
Interconnected System (NIS, or SIN in Spanish), which consists of the construction, 
installation, operation, and maintenance of an electric power transmission system 
with the rest of Mexico. The capacity of this high power electrical interconnection 
will be 1500 MW, with a length of 700 km and a voltage level of approximately 
500 kV. The aforementioned project will allow the sharing of national and state 
generation resources in the function of the demand, and to address power and energy 
activities in the NIS and the electric companies of California (WECC). In particular, 
not all of the aforementioned electrical plants operate 24 h a day. The plants work 
according to the demand of the population, for this, a cost-benefit analysis is carried 
out to satisfy the demand in the most efficient way possible. Next, Fig. 2.1 shows 
the percentage of population and energy consumption for various sectors and locali-
ties during the period 1990–2004. In particular, it can be observed that Ensenada has 
the smallest amount of population (only 15%), while the Tijuana-Rosarito-Tecate 
region (T-R-T) has the largest population (51%). However, the highest energy con-
sumption is in Mexicali, due to the extreme weather conditions.

It is important to mention that Baja California represents 3.1% of energy users 
nationwide with a consumption of 4.5%. Specifically, users of the commercial and 
industrial sectors of the state represent 10%, which have an energy consumption of 
56%. However, the domestic sector presents the highest number of users (8%) but 
has a consumption of 32%. Among the high demand consumers are the industrial 
and domestic sectors, and those that consume less energy are the commercial, agri-
cultural and public lighting sectors. Regarding the industrial and service sectors, in 
the period 1996–2004, the following percentages were obtained: Mexicali con-
sumed 46%, Tijuana 42% and Ensenada 12%. For the case of the industry sector 
was as the following: 44% Mexicali, 48% Tijuana and 8% Ensenada. The high per-
centage of consumption for Mexicali and Tijuana can be due to manufacturing and 
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assembly companies, production of glass and steel which are companies that require 
a high energy demand. Considering the aforementioned, Fig.  2.2 represents the 
power consumption projection for the Baja California state, considering the year 
2002 as the starting analysis point, up to 2027 as the final projection point. The 
maximum, average and minimum electrical loads were calculated based on the 
information provided by the NEC. It is important to mention that all the electrical 
loads were increased due to the annual increment considering the economic and 
population behavior.

In particular, Fig. 2.3 shows the gross power consumption projection for Baja 
California state, where the gross projection is calculated considering the energy 
sales, the owner’s use consumption, losses, among other parameters. Thus, the gross 
power projection for 2027 is 23,330 GWh, which imposes an important challenge 
because the actual capacity is 16,702  GWh, approximately. Considering the 

Fig. 2.1 Energy consumption and users for each location. Own figure elaborated using the energy 
profile of Baja California. (Muñoz-Meléndez and López-Vallejo 2018)

Fig. 2.2 Power consumption projection for Baja California state
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aforementioned, the energy demand of Baja California is well defined and analysed 
for various sectors and regions.

3  Actual Energy Policy of Mexico

Energy policies are aimed at establishing the commitments that exist to achieve a 
better energy performance based on energy management processes. Thus, energy 
policies are agreements, norms, laws, decrees or any parameter established for cor-
rect energy management. This means that the energy policy can be referred to the 
policies of a company to manage the use of energies that should be based on 
ISO50001, up to the proposed laws in a country with the same objective, work that 
corresponds to the federal government in the case of Mexico. In Mexico, the energy 
policy is related to various documents, such as the energy reform, the energy transi-
tion law and the new Mexican energy model. Several international agreements and 
treaties have also been signed since Mexico is always open to this kind of agree-
ments. In total, Mexico collaborates in 68 international instruments, of which 8 are 
international treaties, 23 specific cooperation instruments and 37 energy coopera-
tion agreements, all thanks to the negotiations that the Secretary of Energy (SENER) 
has had in recent years (Secretaria de Energía 2018). In addition, there are other 
agreements related to the mitigation of climate change, the implementation and use 
of alternative energies and other agreements that lead Mexico to use energy in a 
global way, that is, complying with international agreements that force to think and 
do globally and not only locally.

In particular, it is important to analyse the objective of the Mexican Energy 
Reform, modified for the last time in 2018. According to official information from 
the Mexican government, the energy reform aims to “detonate the potential of the 
Mexican economy to create quality jobs, reduce energy costs and increase 

Fig. 2.3 Gross power 
consumption projection of 
the Baja California state
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government revenues to canalize them to social programs, and invest in the human 
resources required by the country and a long-term savings fund in favor of future 
generations” (Capetillo Aguirre 2016). To achieve these objectives, the reform pro-
poses the following official and direct arguments and premises (ProMexico 2017; 
Garcia-Sanchez 2018):

 1. Maintain the Nation’s ownership over the hydrocarbons found in the subsoil.
 2. Modernize and strengthen, without privatizing, the companies Mexican 

Petroleum (PEMEX, for its acronym Spanish) and the Federal Electricity 
Commission as State Productive Enterprises, being completely public and 
Mexican.

 3. Reduce the country’s exposure to financial, geological and environmental risks 
in petroleum and natural gas exploration and extraction activities.

 4. Allow the Nation to exercise, exclusively, the planning and control of the 
National Electric System, for the benefit of a competitive system that allows 
reducing the prices of electric power.

 5. Attract more investment into the Mexican energy sector to boost the develop-
ment of the country and promising energy opportunity for foreign companies.

 6. Offer a larger energy supply at better prices.
 7. Ensure international energy supply efficiency, quality, and reliability standards, 

as well as transparency and accountability throughout the different activities of 
the energy sector.

 8. Fight corruption in the energy sector effectively.
 9. Strengthen the management of oil revenues and promote long-term saving for 

the benefit of future generations.
 10. Foster socially and environmentally responsible development.

On the other hand, there is also the Energy Transition Law (ETL, or LTE for its 
acronym in Spanish) which aims to create greater competition in the energy sector 
to try to diversify the way to obtain energy and involve more companies, looking for 
conventional companies and users that are interested in generating clean energy. In 
particular, the LTE aims to be a law with a transversal policy that takes into account 
various sectors, such as environmental, social and economic, to obtain national 
energy from different sources, in the most efficient and environmentally friendly 
manner (Heselhaus 2018). Below, some important aspects are shown as part of the 
strategy followed for this energy transition to be carried out successfully:

 1. Support for energy savers and clean energy producers.
 2. Establish medium and long-term goals. Thus, it was established that by 2021, 

30% of the electricity would be from clean energy sources, 35% by 2024, 37.7% 
by 2030, and finally, 50% by 2050.

 3. Strengthen public institutions.
 4. Promote investments with better offers in the market. Thus, Clean Energy 

Certificates (CEC, or CEL for its acronym in Spanish) began to be used, which 
are accreditations that the FEC sells to companies to produce clean energy.
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 5. Invest in better infrastructures, technologies, and research related to the 
energy sector.

In general, the ETL bases are: reduce the generation of polluting emissions, gradu-
ally increase the use of clean energies, take advantage of the concept of sustainabil-
ity, and jointly use the various energy and environmental laws (Alfredo Anaya 
Orozco 2019).

In 2019, with the change of President, a new energy strategy was proposed at a 
national level based on producing, processing and generating, with the aim of 
achieving national energy self-sufficiency in the coming years and eliminate the 
importation of energy (Sordo 2019). Although this new strategy focuses initially on 
the production of national gasoline, then it will focus on the hydroelectric plants 
upgrade, which could help the energy sufficiency of the state of Baja California 
considering the project to interconnect with the National Interconnected System.

On the other hand, each state of Mexico has its own laws related to the genera-
tion of energy. For example, Baja California has the Law of Renewable Energy and 
the Law for Boosting Efficiency. These laws encourage the efficient use of energy, 
especially for the industrial sector (with support of the Clean Energy Certificates), 
and propose various sources of clean energy with potential use for the supply of 
electricity for the public and private sectors. It is important to mention that a CEC 
covers the generation of 1MWh of clean energy from a user in the industrial sector. 
However, the exact cost of the CEC is not fixed, since it will depend on the supply 
and demand that exists in the market. In fact, the purchase and sale related to the 
CEC are done through the NEC in a conventional manner, but the companies can 
make their own contracts and bilateral business related to CEC with other compa-
nies. In particular, the clean energy options that are allowed for the CEC are the 
following (Del Razo 2016; Ruiz-Mendoza and Sheinbaum-Pardo 2010):

 1. Wind energy.
 2. Solar radiation in any of its forms (thermal and photovoltaic).
 3. Ocean energy in its different forms.
 4. Geothermal systems.
 5. Bioenergetics determined by the Law of Promotion and Development of 

Bioenergetics.
 6. The energy generated by the use of the calorific value of the methane and other 

associated gases in waste disposal sites, livestock farms and in wastewater treat-
ment plants, among others.

 7. The energy generated by the use of hydrogen through its combustion or its use 
in fuel cells, while complying with the minimum efficiency established by the 
Energy Regulatory Commission (ERC, CRE for its acronym in Spanish) and the 
emission criteria established by the Ministry of Environment and Natural 
Resources.

 8. Energy generated by hydroelectric plants.
 9. Among other important and suitable clean energy options.
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Figure 2.4 shows the general energy regulatory framework of Mexico, which also 
has influence over the state of Baja California. In particular, this regulatory frame-
work consists of institutional and legal regulatory frameworks. It is important to 
clarify that, due to the energy reform and energy transition law of Mexico, new 
institutions that support energy development have been established. However, 
Fig.  2.4 shows a general idea of the regulatory framework at the national and 
state levels.

4  Energy Security of the State of Baja California

The concept of energy security has changed over the years. In 1990, when most of 
the energy sources depended on oil, the main concern was having prices that could 
facilitate obtaining oil worldwide. However, there were factors that affected the 
concept of energy security, such as technological development, the effects on the 
economy due to globalization, the diversity of energy sources, the change suffered 
by society at a global level, the economic diversity, the instability of the resources 
required to produce energy, the influence of society on the decisions of governments 
that could affect the environment, the effect on the economy caused by terrorism, 
the availability of food in the world, among others (Winzer 2012). Therefore, the 
concept of energy security had to be based on certain characteristics based on the 
mentioned factors. Thus, in general, energy security defines that energy must be 

Fig. 2.4 Energy regulatory framework of Mexico. All acronyms are presented in Spanish to facili-
tate future research work, and some of them were defined in English in the chapter
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available, be accessible, people must be able to afford it and the quality of energy 
must be acceptable (Herrero 2016).

Therefore, the International Energy Agency (IEA) defines energetic safety as 
“The uninterrupted availability of energy sources at an affordable price”, and this is 
the definition that is currently used. In addition, energy security has two perspec-
tives: short and long term (Kester 2019; Rosas-Casals et al. 2014). With regard to 
the short term, there are some important arguments that define it, such as:

 1. The acquisition and use of energy must be safe for all users.
 2. The energy supply must be generated by different energy sources.
 3. The energy supply must be based on a technological resource in order to prosper 

and promote the development of both economy and society.

To achieve the aforementioned, it is necessary that in the development plan and 
energy policies there are contracts that can regulate the energy supply and the neces-
sary tools to improve the development of the energy sector, since the tools must 
react to sudden variations that may occur because of the supply and demand of 
energy resources, that is, the previous proposes a smart and bidirectional electricity 
network. Thus, the approach in which the short-term perspective is developed is 
strictly related to energy diplomacy and the promotion of stable international legal 
frameworks related to the generation, transmission, distribution and use of energy.

On the other hand, the long-term perspective must ensure that the economic 
investments that are developed, in order to face a future energy demand, can be 
efficient through an energy model that can generate a transition towards sustainable 
energy security to discover and use new techniques to generate energy. In particular, 
the priority of this perspective is the development of the necessary infrastructure for 
the generation of clean energy in the face of the challenges of climate change. The 
above must be achieved without incurring unnecessary expenses or uses. The invest-
ments in technological infrastructure, including investments in research, are other 
actions considered within energy security since it aims to reduce the inactivity of the 
development sector due to lack of investment and the imbalance related to the costs 
of energy research. In fact, research projects on energy issues developed in the 
country contribute enormously to knowing the current state of current energy 
demand and proposing technological solutions. In addition, Mexico has a broad and 
diverse potential to generate energy through renewable sources, and as a conse-
quence, it provides part of the increase in energy demand, reducing dependence on 
hydrocarbons, which implies long-term energy security (Cox 2018; Mohammad 
et al. 2018).

In the case of the state of Baja California, there are abundant natural and ener-
getic resources (which will be mentioned in the next sections), whose conservation 
is necessary for local and national development. In fact, in addition to natural and 
energy resources, and the regulatory framework of Mexico, there are some impor-
tant laws and regulations in Baja California that support energy security. Thus, con-
sidering the aforementioned, Fig. 2.5 shows the basic framework at the state level to 
ensure energy security through the synergic work between the energy regulatory 
framework, the energy industry and the market sector.
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5  Small and Large Scale Renewable Energy Systems in Baja 
California: Present and Future

According to Fig. 2.5, the energy industry, the energy regulatory framework and the 
market sector working together can ensure the energy security of Baja California. 
All of them are implied in the small, medium and large scale renewable energy 
system as support to energy security. Next, the current situation and analysis of the 
small, medium and large scale renewable energy systems in Baja California is pre-
sented in order to establish the trend in the state. Undoubtedly, the cheapening of 
energy production equipment, coupled with greater publicity of awareness and sav-
ings, has led to more and more people and businesses choose to produce clean 
energy, not only for their consumption but also for sale. Considering the above, 
renewable energy producers are classified in the so-called small-scale systems 
(small and medium scale) and large-scale. In both cases, there is a consumer- 
producer system also called distributed generation, in which, the public electric 
network has the capacity to provide and receive electric power (Deming 2012). With 
respect to small-scale systems, the Federal Electricity Commission in its document, 
“Model interconnection contract for renewable energy source or small-scale cogen-
eration system” describes that small-scale systems are those with generating capac-
ity up to 30 kW, at voltages below 1 kV. On the other hand, medium-scale systems 
are usually formed by a large power generator block, either by wind farms, solar 
panels, hydroelectric plants, biomass plants. etc., with capacity less than or equal to 
500 kW and voltage greater than 1 kV and less than 69 kV. In addition, these sys-
tems must be able to operate and remain connected despite fluctuations that do not 
exceed a range of +5% at −10% of the nominal voltage at the final interconnection 
point. A very important aspect regarding small and medium scale systems is that 
they do not require permissions from the Energy Regulatory Commission, so they 
are known as exempt generators. Finally, high-scale systems are those that have 
voltages higher than 69 kV and lower than 400 kV (Gómez-Hernández et al. 2019).

Fig. 2.5 Basic framework 
in order to ensure the 
energy security of the state 
of Baja California
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5.1  Small and Medium Scale Energy Systems

According to the reports of the Energy Regulatory Commission, in 2015 there were 
16,979 small and medium-scale contracts for distributed generation, and in 2018, 
there were 94,893 contracts nationwide, which are divided into 34 contracts to gen-
erate electricity using biofuel, 15 contracts using wind energy, and 94,844 contracts 
for photovoltaic generation. In fact, by the end of 2016, in Mexico, there were a total 
of 172 companies dedicated to the generation of energy through solar radiation 
(Comisión Reguladora de Energía 2019). In addition, 75% of the total of small and 
medium-scale interconnection contracts were signed by users of the residential sec-
tor and 20% by users of the commercial sector (Comisión Reguladora de Energía 
2017). Thus, from 2011 to 2016, there was a 121% growth in cumulative installed 
capacity (kW), which is why an increase in the number of contracts is predicted, 
estimating approximately 732,957 contracts for the year 2023 (Comisión Reguladora 
de Energía 2019). The growth trend is clear. At this point, society has a greater 
knowledge of the production of renewable energies, and service installers of solar 
panels and wind turbines, have greater ability and capabilities to offer the user credit 
options for the acquisition of equipment, coupled with a large increase in companies 
that commercialize products for the production of clean energy. In Baja California, 
at the end of 2018, there were a total of 4348 small and medium-scale contracts, 
with an installed capacity of 20.91 MW. In order to compare, the state of Jalisco 
(also in Mexico) has the largest number of contracts at a national level, 17,097 con-
tracts with an installed capacity of 88.86 MW. Respect to the trend of small and 
medium-scale energy systems in Baja California, the installation of renewable 
energy systems in the commercial (i.e. micro, small and medium enterprises) and 
residential have been increased. On the other hand, the educational sector is also 
carrying out important actions regarding the generation of energy for its own use 
based on renewable resources. The main reason for that is the national and interna-
tional regulations related to accreditations and sustainability indicators of educa-
tional centers, such as universities and research centers. In fact, apparently, if the 
small and medium energy systems are well distributed in a region (e.g. city, county, 
etc.), considering the maximized use at roofs and open areas, the potentiality of 
energy generation is extraordinary. Considering the mentioned, the energy policy at 
the state level has been promoting the installation of such systems through tax 
incentives to businessmen and domestic users.

5.2  Large Scale Energy Systems

As was mentioned in Table 2.1, the state of Baja California has an important genera-
tion capacity which is distributed in the Coast and Valley sectors. In addition, some 
important implemented and future projects are also present. For example, the eolic 
farms, called Rumorosa I and II provide a maximum of 60 MW. Also, the eolic 
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farm, called Energia Sierra Juarez provide a maximum of 155 MW. In addition, the 
combined cycle power plant, called Baja California III, generates a maximum of 
324 MW. Finally, the project Rumorosa Solar proposes a maximum power genera-
tion of 53 MW. Thus, the tendency of the state of Baja California regarding the 
generation of energy is to increase the installed capacity, which has as its first objec-
tive the energy supply to all the needs of the users at the state level, and second, to 
strengthen the market sector for the export of energy. However, neither at the state 
nor at the national level, the concept of generalized energy storage to facilitate the 
integration of large-scale heterogeneous flexible resources with energy storage 
capacity to participate in multiple markets is not a trend. In fact, this an issue that 
when resolved, will drastically increase the energy efficiency of the state of Baja 
California (Yao et  al. 2019). Regarding the trend of large-scale energy systems, 
there is a clear difference with the small and medium-scale systems. Mainly, large- 
scale systems require large investments for the generation of energy in a specific 
place, regularly away from the main energy users. The above means that the private 
and public energy industry, the market sector and the energy regulatory frameworks 
at the national level have to works together in order to minimize the risk of the 
investment, and maximize the profit, which means a relationship with the energy 
security. For that, the development of large scale energy systems requires more care 
and usually are designed for long terms. Thus, although the state of Baja California 
has important advantages to produce energy with its own natural resources (solar 
energy, wind energy, sea energy and geothermal energy) and increase installed 
capacity, current on-working large-scale projects are considered sufficient in the 
short and medium terms.

6  Sea Energy Renewable Systems: Potentialities 
of Baja California

The water is a vital and abundant resource, that divides the continents of the planet. 
Thus, the oceans are the example of giant masses of water, in fact, each continent 
has the proximity of the sea that contains water bodies in smaller portions. The 
water is also found in areas within the mainland, and it can descend from the moun-
tains through streams and form rivers. In general, the characteristic of the water is 
that it is generally in motion and, therefore, generates a force that can be harnessed 
to generate energy as a possible solution to the growing energy demand (Bankes and 
Trevisanut 2015). According to the report on the world situation of renewable ener-
gies in 2015, the technologies where water as a resource is involved are those that 
use waves and tides as a source of energy production. In fact, the use of waves and 
tides (waves and tides power systems) are the natural options that have generated 
most technological advances at the moment (Skeer and Leme 2018). In the case of 
Mexico, if the sea energy is used effectively, it can become one of the main clean 
energy-producing technologies, such as the case of Russia, which positioned itself 
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in 2011 as the country with the greatest installed power using sea energy renewable 
systems, 87,400 MW, with which it is capable of an average annual production of 
190,000 GWh (Quintero-González and Quintero-González 2016).

According to the Secretary of Energy in Mexico, the global supply of sea energy 
is estimated at 82,950 TWh, approximately, during the period of a year, of which the 
ocean thermal energy (based on the thermal gradient) contribute with 53%, Marine 
current power with 36%, tidal and wave energy with 9%, and osmotic power (based 
on salinity gradient) with 2% (Secretaria de Energía 2013; Anon 2003). During 
2009, the Autonomous University of Mexico conducted a series of simulated stud-
ies to estimate the potential of sea energy in Baja California. The results were amaz-
ing, considering several simulated hydroelectric turbines, an installed capacity of 
20,000 MW was achieved, which generated 5500 GWh/year. However, this research 
only considers a single energy generation option using water from the oceans, which 
implies that using more options, the power generation capacity would have to 
increase considerably (Hiriart Le Bert 2009).

Thus, the potential of the state of Baja California to produce sea energy has 
attracted foreign companies to carry out studies and analysis in order to develop 
renewable energy technologies, such as the Finnish company, AW-Energy Oy, 
which is the world leader in the development of the use of waves to generate energy. 
This interest has also existed to collaborate with the Mexican renewable energy 
company ENAL (Alternative Energies, Studies and Projects), which states that they 
aim to perform the steps and processes necessary to make a contract that gives way 
to an international transaction or business, even if it does not have a commitment 
effect in reality. In particular, these companies have shared the interest of designing 
and developing a wave park with a capacity of 10 MW on the Mexican coasts of the 
Pacific Ocean (Instituto Mexicano del Petróleo 2017).

The National Autonomous University of Mexico (UNAM for its acronyms in 
Spanish) in 2017, conducted a study in the Gulf of Mexico, the Caribbean Sea and 
the Gulf of California, in order to analyze the conditions and characteristics of the 
swell in these areas. In general, the upper part of the Gulf of California has the 
potential to produce energy using wave motion in the range of 38–41 kW/m, while 
in the Gulf of Mexico and the Caribbean Sea, the energy potential is 6 kW/m (see 
Fig. 2.6). These mentioned Mexican energy potentials are very different from the 
great potentials in other regions in the world, for example, Australia or New Zealand 
can reach an energy potential of 100 kW/m, and in the Atlantic Coast, the energy 
potential is 30–75 kW/m. In this way, the energy potential of sea energy world-wide 
is in the range of 2000–4000 GW, in the same way, with current technology only 2% 
of this potential can be exploited (Instituto Mexicano del Petróleo 2017; Calero and 
Viteri 2013). In addition, because the state of Baja California has a wide extension 
of coasts, approximately 1380 km, and based on the aforementioned, the energy 
potential of the sea energy is a highly suitable option to promote the energy security 
of the state. In fact, according to our research, there are not real sea energy projects 
with real energy and financial potential for the state of Baja California.
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7  Relation of the Autochthone Energy Generation 
and Energy Security of Baja California

As previously mentioned, the state of Baja California has important options for the 
energy generation based on autochthone renewable energy resources such as the 
geothermal energy, sea energy, among others. In fact, the actual and growing syn-
ergy between renewable energies and energy security without completely consider-
ing the traditional energy security based on fossil fuel is the trend throughout the 
world (Valentine 2011; Nie and Yang 2016). This means that the state of Baja 
California also has to propose a strong relationship between its autochthone renew-
able energy resources and its energy security. Regarding wind energy, Fig.  2.7 
shows some relevant locations with high wind power in Baja California. In particu-
lar, most of these places are located in mountainous regions at high altitudes, i.e. the 
Juarez mountain range is at 1700 m over the sea level, San Pedro Martir mountain 
range is at 3096 m and San Miguel mountain range is at 2100 m. All the locations 
mentioned present a high wind speed, more than 8.8 m/s, which means a potential 
wind power generation more than 800 W/m2. Also, Fig. 2.8 presents some important 
locations with high solar power in the state of Baja California. In particular, the 
minimum and maximum solar radiations are 2200 and 2300 kWh/m2, respectively.

In fact, any project related to power generation using renewable energy located 
at these locations, firstly, will require deep analysis to propose countermeasure for 
many problems and difficult situation to generate and transport the energy from 
remote location to the final user. Otherwise, if the concept of energy security is not 
fully understood, or the correct application of the elements of the concept of energy 

Fig. 2.7 Locations with high wind power in the state of Baja California. This map was adapted 
using the open-access map licensed under Creative Commons Attribution 4.0. (Source: National 
Institute of Statistics and Geography of Mexico)
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security is not applied using the highest quality standards, the risk of failure to 
achieve energy security is very high.

8  Conclusion

Nowadays, security energy is a relevant concept for all countries in order to guaran-
tee their economic and social development in the future. In fact, many social prob-
lems are based on many energy security issues which have to resolve through the 
synergic between different sector. This chapter has presented the framework of the 
renewable energy systems and trends to promote the energy security of the state of 
Baja California considering the autochthone energy resources and the national and 
state energy policy. In particular, the state of Baja California has an important 
potential to enhance its economic development based on its own natural resources 
to produce enough energy to achieve energy self-sufficiency and be a very impor-
tant state company to export energy. In particular, the optimal use of energy options 
in Baja California guarantees long-term energy security and propose a social and 
economic scenario to increase and maintain future-oriented jobs, among other 
important advantages. Thus, the energy potentialities of the Baja California state are 
present, but also the weaknesses related to the international relation (i.e. geopoli-
tics). In fact, a negative combination of energy security levels and geopolitics of 
Mexico (and Baja California state) can disrupt regional stability. But, under other 
conditions, it can promote sustainable competitiveness based on energy security. In 

Fig. 2.8 Locations with high solar power in the state of Baja California. This map was adapted 
using the open-access map licensed under Creative Commons Attribution 4.0. (Source: National 
Institute of Statistics and Geography of Mexico)
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this case, Mexican internal policy must strengthen the various processes that impact 
national energy security. Also, the results and information presented in this chapter 
should be used by different sectors (e.g. academic and scientific) in order to improve 
and propose academic and scientific programs with a direct impact on the social, 
public and private sectors. However, there is always a risk that does not allow 
achieving energy security, for example, distorted markets and non-clear regulatory 
frameworks. For these reasons, governance, governability and social participation 
are highly important and relevant concepts and activities, in order to broad political 
consensus related to the energy security of any nation, region or state. Finally, an 
energy project at the state and national level should not only consider energy secu-
rity but also the sustainability of the project based on the dynamic cooperation 
among the different sectors, mainly the universities and academic centers to pro-
mote the developing of the energy clusters.

Terminologies

Energy security: it has been defined by the United Nations as “the continuous 
availability of energy in varied forms, in sufficient quantities, and at affordable 
prices”.

Renewable energy: it is the energy from sources (e.g. biomass, hydropower, geo-
thermal, wind, solar, sea, among others) that are naturally replenishing but flow- 
limited; renewable resources are virtually inexhaustible in duration but limited in 
the amount of energy that is available per unit of time.

Energy regulatory framework: related to the model of regulation, politics, laws, 
among other elements related to the energy sector of any country, state or region.

Sea energy: refers to the energy carried by ocean waves, tides, salinity, and ocean 
temperature differences. In particular, it is related to all forms of renewable 
energy derived from the sea.

Baja California: state localized at the northwest of Mexico and at the side of the 
state of California of United States of America.

Energy industry: it is a category of stocks that relate to producing or supplying 
energy. The energy industry includes companies involved in the exploration and 
development of conventional and renewable energies.
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Abstract It is aimed to examine importance, impact, structure and relationship of 
the energy industry with other industries by using input-output analysis for Turkey. 
In this context, input-output model is used to analyses 2002 and 2012 data. Input 
coefficients matrix, Leontief matrix and Leontief inverse matrix were obtained via 
the Input-Output tables of 2002 and 2012. Key sectors in the economy, forward and 
backward linkage effects and income, output and employment multipliers of all 
industries were analyzed with the input – output model. According to the results of 
the analysis, the energy industry was found to be the key sector in both years. This 
shows that the energy industry has an important place in Turkish economy. Although 
the output multiplier value in the energy sector is high, employment and income 
multiplier values are found to be low. The low value of the income multiplier in the 
energy industry shows that Turkey is dependent on foreign energy. In addition, the 
high production multiplier value in the energy industry means that the degree of 
structural correlation is high.
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1  Introduction

Energy is one of the main input of all production sectors. Energy has a substantial 
role on the economic and social development processes for all countries. The reason 
for this importance of energy comes from the structural relations with other sectors 
of the economy as an input in the production process. Energy is an important factor 
in determining the level of development for countries and in the decision-making 
process of their international policies.

From an economic perspective, it can be stated that energy is directly or indi-
rectly related to all goods and services produced in an economy. In this respect, the 
relationship between production and energy leads to the relationship between 
growth and energy. Thus it is a known fact that countries need energy intensively to 
ensure the economic development.

The need for energy increases parallel to development level of countries. From 
this perspective, it can be said that the relationship between energy demand and 
economic growth in developing countries is weaker than in developed countries. 
However, investments in modern and renewable energy sources are generally low in 
developing countries due to low income and limited resources.

The energy sector is of great importance for Turkey as a developing country. 
There is an increasing trend in energy demand with parallel to growth process in 
Turkey and it increases the importance of energy supply. The Turkish economy is 
becoming more and more dependent on external energy sources each year due to the 
lack of domestic energy production. There are various reasons for foreign energy 
dependency as; insufficient local resources, insufficient production and intensive 
use of fossil-based fuels. Oil and natural gas resources are main exported energy 
supply from foreign countries (Yılmaz et al. 2016). Although Turkey is an exter-
nally dependent country in terms of non-renewable energy sources, it has been try-
ing to meet the energy demand by focusing on renewable energy sources especially 
in recent years. Turkey also follow the global trends on increasing renewable energy 
sources. Thus, Turkey will reduce dependence on foreign energy through invest-
ments in renewable energy sources made by both government and private sector.

Since energy has a significant share in the production process of all goods and 
services in the economy, determining the impact of industrial energy consumption on 
the economy will be a key performance indicator for a country. In this context, input-
output analysis is an important tool to determine the effect of energy consumption on 
economy and industry, since it enables to examine all industries in the economy.

The basic views and assumptions of the Input-Output model form the basis of 
many different econometric analyzes. Therefore, one of the most used econometric 
analysis methods is the Input-Output model (Baumol 2000; Grealis et  al. 2017). 
Input-Output analysis provides insight into the understanding of economic relations 
between the Government, economic actors, industries and households and has an 
important role in this respect. It is also an important tool for economic decision- 
makers, both in the process of analyzing and analyzing the past and in preparing 
future plans. (Burrows and Botha 2013).
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It is aimed to determine the importance and current status of energy sector in 
Turkey by using input-output model. Therefore, Input-Output tables for 2002 and 
2012 will be included in the analysis. Results provide significant knowledge on 
importance of energy and current status of energy industry. In addition, key sectors, 
forward and backward linkage coefficients and income, output and employment 
multipliers of all industries are analyzed via the input – output model. Moreover, 
both the status of the energy sector and the relations of other sectors with the energy 
sector are determined. Results from the data analysis provide an important guidance 
for both private sector and public administration in case of energy planning.

The remain part of this study is organized as follows: Section 2 provides infor-
mation on the energy sector and its position in the Turkey economy; Section 3 
describes the research methodology, literature research and Input-Output model 
used in this study; Section 4 comprise of discussion on the empirical results and 
explain them; and finally, conclusion is presented in Sect. 5.

2  Energy Sector

People have always needed energy from the early ages to the present. Therefore, 
energy and demand for it have an important place in human life. However, as a 
result of increasing population and needs, countries’ energy demand also increases. 
Since the industrial revolution, especially with the industrialization of European 
countries, the demand for energy has increased in these countries. The fact that 
energy demand started in non-European countries has increased the importance of 
energy at the global level and made it an indispensable element in the production 
process (Karadas et al. 2017).

Along with the progress in economic needs and increases in national income, the 
energy demand of the countries is also significantly affected by this progress. In 
each country, increases in domestic production cause more energy consumption and 
demand. Energy, which is one of the indispensable inputs of economic and social 
development, can be said to be on the top of the agenda of all the world countries 
with its accelerator feature. Energy is particularly critical for countries that are 
scarce in resources and have to meet country demand with imports.

The issue of energy, which is at the top of the agenda of the countries, is an 
important element of sustainable development together with sustainable energy, 
sustainable environment, and economy. Because of the relationship between energy 
needs and environmental conditions, countries develop sustainable development 
strategies to protect environment and sustain economic growth. The sustainable 
energy approach encompasses policies, technologies, and practices that enable the 
continuous supply of the demanded energy with minimum funding, and minimum 
environmental and social costs. Countries have started to invest in renewable energy 
sources based on their sustainable energy supply strategies.

The development of energy demand in Turkey has been similar to the progress in 
other countries. With the increasing population, economic development and 
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investments in industry, the demanded energy has been increasing in recent years. 
With the exception of small European countries, Turkey has ranked first in Europe 
in terms of growth in demand for electricity, coal and natural gas over the last 
10 years. Turkey’s energy demand was 84.2 Mtep (million tons of equivalent oil) in 
2005, up 54% in 2015 to 129.7 Mtep. Turkey’s production from domestic energy 
sources is only 24.8%, so it is dependent on oil and natural gas. By 2020, Turkey’s 
demand for energy is expected to double (222.4 Mtep) compared to today’s. (IEA 
2016; Taşkın and Yılmaz 2018).

Table 3.1 provides information on public and private investment and energy use 
in Turkey’s energy sector between 2010 and 2018. When the data related to the 
investments in the table are examined, it is seen that there is a fluctuating course of 
investment between years and it is seen that overall energy investments have 
decreased in total from 2010 to 2018. When the data on energy consumption in 
Turkey are analyzed, it is seen that energy consumption has increased over the 
years. Given that Turkey’s growth rate has been on the rise for years, it can be said 
that energy use is expected to follow an increasing trend.

Information on the different types of energy consumption and the imported 
energy in Turkey between 2010 and 2017 is given in Table 3.2. According to this 
information, the rate of energy imported by Turkey has increased over the years. It 
is understood from the information in the table that the amount of imported energy 
increased with the decrease in investments in the energy sector and therefore Turkey 
became dependent on foreign sources in terms of energy. In terms of energy con-
sumption, the use of nuclear and alternative energy has increased over the years, 
while the use of renewable energy and fossil fuels has declined.

When the data in Table 3.3 is analyzed, it is seen that Turkey’s total energy produc-
tion generally follows an increasing trend in some periods, although it is fluctuating. 
Energy production from coal and renewable energy sources increased over the years, 
while there has been a slight increase in the level of energy from natural gas. Furthermore, 
there has been a decrease in the level of energy provided by hydro and liquid fuels.

Table 3.1 Energy investment and energy use in Turley (2010–2018)

Investment in energy with 
private participation (Current 
US $)

Public private partnerships 
investment in energy (Current 
US $)

Energy use (Kg of oil 
equivalent per capita)

2010 5.427.030.000 4.213.030.000 1474,67
2011 8.551.020.000 5.403.520.000 1545,48
2012 3.360.000.000 3.360.000.000 1583,63
2013 13.591.100.000 9.102.100.000 1540,10
2014 11.050.450.000 143.000.000 1573,72
2015 1.578.070.000 1.578.070.000 1651,36
2016 2.836.000.000 376.100.000 …
2017 751.500.000 727.600.000 …
2018 957.210.000 747.210.000 …

Sources: World Bank, Databank, World Development Indicators
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Table 3.2 Energy depletion and energy imports of Turkey

2010 2011 2012 2013 2014 2015 2016 2017

Adjusted savings: energy depletion (% 
of GNI)

0,10 0,13 0,11 0,09 0,08 0,04 0,03 0,05

Alternative and nuclear energy (% of 
total energy use)

5,33 5,38 5,73 6,12 4,95 6,65 … …

Energy imports, net (% of energy use) 69,62 71,61 74,02 73,07 74,21 75,21 … ...
Fossil fuel energy consumption (% of 
total)

89,12 89,97 89,41 88,16 89,54 86,84 … …

Renewable energy consumption (% of 
Total final energy consumption)

14,33 12,78 12,83 13,85 11,61 13,37 … …

Sources: World Bank, Databank, World Development Indicators

Table 3.3 Electricity production sources and shares in Turkey

Year
Total 
(GWh)

Coal 
(%)

Liquid fuels 
(%)

Natural gas 
(%)

Hydro 
(%)

Renewable energy and 
wastes (%)

2000 124.922 30,6 7,5 37,0 24,7 0,3
2001 122.725 31,3 8,4 40,4 19,6 0,3
2002 129.400 24,8 8,3 40,6 26,0 0,3
2003 140.581 22,9 6,6 45,2 25,1 0,2
2004 150.698 22,8 5,0 41,3 30,6 0,3
2005 161.956 26,6 3,4 45,3 24,4 0,3
2006 176.300 26,4 2,4 45,8 25,1 0,3
2007 191.558 27,9 3,4 49,6 18,7 0,4
2008 198.418 29,1 3,8 49,7 16,8 0,6
2009 194.813 28,6 2,5 49,3 18,5 1,2
2010 211.208 26,1 1,0 46,5 24,5 1,9
2011 229.395 28,8 0,4 45,4 22,8 2,6
2012 239.497 28,4 0,7 43,6 24,2 3,1
2013 240.154 26,6 0,7 43,8 24,7 4,2
2014 251.963 30,2 0,9 47,9 16,1 4,9
2015 261.783 29,1 0,9 37,9 25,6 6,5
2016 274.408 33,7 0,7 32,5 24,5 8,6
2017 297.278 32,8 0,4 37,2 19,6 10,0

Sources: TURKSTAT, Main Statistics, Environment and Energy

3  Research Methodology

The methodology applied in this study is based on the input-output model devel-
oped by Leontief (1951). The total production of an economy is the result of the 
total demand and final production of intermediate consumption by different sectors 
operating in the economy. In this context, countries need to establish the inter- 
industrial relations correctly in order to determine the economic structure and to 
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make more effective planning. In this process, the Input-Output analysis is an 
important tool. Input-Output analysis examines the economy as an accounting sys-
tem and provides us with the basic information needed by an economy by consider-
ing both the production and consumption processes.

3.1  Literature Review

The Input-Output model can be one of the commonly accepted research methodolo-
gies that can be used to investigate both the impact of the energy industry on other 
sectors and its importance in the economy. Although many studies have been con-
ducted in the literature on the identification of key sectors and multiplier analysis of 
the Input-Output model, the number of studies directly used to analyze the energy 
industry is scarce. In his study, Yildiz and Akdugan (2014) examine the economies 
of developed and developing countries. In the analysis, G7 countries for developed 
countries are included in the model. For developing countries, Poland, China, 
Argentina, Brazil, India, Indonesia, Greece, and Turkey are included in the analysis. 
As a result of the analysis, it is observed that the sector with a high employment 
multiplier was the service sector in all countries, while the sector with a high value 
added multiplier was the manufacturing industry for the developing countries.

Han et al. (2011) analyze Turkey’s manufacturing industry with the input-output 
model. As a result of the analyzes made according to Chenery-Watanabe (1958) and 
Rasmussen (1957) methods, it was determined that the main metal industry, re- 
evaluation, food and beverage and textile products manufacturing industries are the 
key sectors.

Alp et al. (2017) in their study analyze the effects of inter-industry linkages and 
key sector for Turkey. According to the results of the analysis, the production of 
chemical products, metal goods industry, and re-evaluation industries are found to 
be key sectors in 2002 and lost their status as a key sector in 2012. Instead of these 
sectors, it is found that the base metals industry gained the key sector character 
in 2012.

Ersungur et al. (2017) compare economic terms between BRICS countries and 
Turkey via WIOD data for 1995, 2000, 2005, 2008 and 2011.According to the 
results, in the 2000s, Turkey has become dependent on foreign intermediate goods 
used in production. For Brazil, Russia, China and India, it has been found that this 
situation has been partially observed in different sectors by years. Key sectors in 
Turkey; domestic transport and textile products, in Brazil; mining sector in Russia; 
nuclear fuel and refined oil, in China; chemical products and in India; basic metals 
and metal production are key sectors.

Ersungur and Ekinci (2015) examine the economies of Turkey, South Korea, 
Taiwan, Japan and China according to the Input-Output model using the WIOD data 
of 1995, 2000, 2005, 2008 and 2011. As a result of the analysis, it shows that 
Turkey’s dependence on imports in terms of imported inputs is high. According to 
the analysis findings; Basic Metals and their production, Quarrying and Mining, 
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Chemicals and Chemical products, Nuclear Fuel and Refined Petroleum, Domestic 
Transportation, Machinery and Other Business Activities leasing, Transportation 
Equipment and Machinery sectors and Electrical and Optical Equipment sectors 
were determined to be the key sectors for these five countries.

Botric (2013) tries to identify the key sectors in the economy by using different 
methods in the Input-Output analysis for the Croatian economy with the data for 
2004. As a result of the analysis, while the construction sector was found to be the 
key sector, it is determined that the service sector was an important sector not only 
for export but also for the whole economy.

In their study, Jahangard and Keshtvarz (2012) identify the key sectors using the 
1999 Input-Output tables for Iran, 2005 for South Korea, and 2002 for the Turkey. 
According to the findings of the analysis, the key sectors of the three countries were 
found to be similar. Key sectors; Other manufacturing sectors are Food, Beverages 
and Tobacco Manufacturing, Construction, Communication, Manufacture of tex-
tiles and related products.

Tounsi et  al. (2013) in their studies compare 1998 and 2007 with the Input- 
Output analysis for the Moroccan economy, found that the food and tobacco indus-
try sectors were the key sectors in both years.

Marconi et al. (2016) in their study examine the Brazilian economy with Input- 
Output analysis. It is tried to determine the levels of forward and backward linkages 
between the sectors and the key sectors in the economy. According to the results of 
the research, it is determined that manufacturing related sectors are key sectors in 
Brazilian economy.

Markaki et al. (2013) examine the effects of clean energy investments in Greece 
with the Input-Output model. For this purpose, they have included the direct and 
indirect macro-economic effects of the transition to new energy technologies, which 
affect the measurement of energy resources, within the framework of Input-Output 
Analysis. Thus, they obtained the necessary investment information and found the 
effect of this on national production.

Kucera and Milberg (2003) analyze the effects of foreign trade on employment 
using the Input-Output Model for ten OECD countries. For this, they took the man-
ufacturing industry. At the end of the study, they found that changes in trade in 
manufacturing industry decreased employment in this sector. Ten Raa and Mohnen 
(2001) examine Canadian and European economies in terms of effective use of 
resources on the basis of input-output model in terms of foreign trade.

Duarte et al. (2017) aim to establish a social accounting matrix (SAM) for the 
Spanish economy for 2013 in their work on the construction and analysis of a disag-
gregated input-output model. As a result of the structural analysis carried out, the 
role of the electrical industry in Spain and its importance in the activities carried out 
were revealed. According to the analysis conducted according to Rasmussen model, 
it is found that none of the electricity producing industries are key sectors and that 
electricity generation and distribution activities were capital intensive activities. In 
addition, it is found that most of the demand is met by domestic production and the 
external dependence in the electricity industry is low in Spain.
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In their study, Ozdemir and Yuksel (2006) calculate the forward and backward 
linkage effects of Turkey’s energy sector by using the Input-Output tables of 
TURKSTAT for 1985, 1990, 1996 and 1998. As a result of the analyzes, it is found 
that the forward linkage effects of the sub-industries of the energy sector had higher 
values than the backward linkage effects in all years. Considering that the sectors 
with both forward and backward linkage impacts are called key sectors. It can be 
said that the energy sector is one of the key sectors according to the analysis results 
for Turkey.

In their study, Ozdemir and Mercan (2012) examine key sectors in the economy 
and inter-sectoral exchanges of goods by using the TURKSTAT for 2002. As a 
result of the analysis, it is found that the energy sector is the key sector according to 
Hirschman method, although Turkey is dependent on foreign sources in terms of 
energy. In addition, it is observed that the energy sector has a high input-output 
relationship with its own sub-sectors and other industries in the economy.

In their study on South Africa, Chang et al. (2014) analyze the role of the port 
sector in the economy by input-output analysis. In this study, forward and backward 
linkage effects, price change effects and employment effects on how the port sectors 
effect the economy from the South African case have been revealed. As a result of 
the analysis, although the backward linkage effect of the port sector was low, the 
forward linkage effect was found to be high.

Alises and Vassallo (2016) show that there is less need for transportation services 
in service-oriented economies with input-output analysis for Spain and UK coun-
tries between 2009–2011 to reveal the impact of the transportation sector on the 
economy.

3.2  General Framework of the Input-Output Model

The inter-industry flow of goods and services has a versatile and complex structure. 
In order to plan a country’s economy, it is necessary to know the structure of the 
economy and the relations between the industries. In the determination of these 
relationships, it is necessary to make analyzes with various models. Input-Output 
analysis is a model that examines the relationships between industries with the help 
of mathematical and statistical analyzes (Todaro 1987).

The input-output analysis developed by Leontief is an important econometric 
tool used to determine the macroeconomic impacts of industries on an economy 
(Rua and Lechon 2016; Miller and Blair 2009; Leontief 1941). The input-output 
model describes the activities and interdependence of industries in an economy. In 
doing so, it uses input-output tables, where industries are both producers and con-
sumers in the model.

The data in the columns of the input-output table represent the monetary value of 
the resources that a sector demands or purchases from other industries of the econ-
omy to produce goods. The data in the lines of the Input-Output table shows the 
distribution of the supply or goods sold by one sector among other sectors (Rua and 
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Lechon 2016). One of the main objectives of input-output analysis is to determine 
the interdependence and inter-industry relations of industries in a given economy. 
Input-Output analysis is a system of equations that describes the distribution of a 
product produced by industry among other industries in the economy and its effects 
on the economy. In addition, by calculating various multipliers, the impact of a sec-
tor on employment, household income and activity levels of all industries in the 
economy can be measured. It should be taken into consideration that this measure-
ment is very important in terms of economic development forecasts.

The Input-Output model is a linear and inter-sectoral model that shows the rela-
tionships between sectors operating in the production process of a given economy. 
The basic equilibrium equation of the Input-Output model of an economy consist-
ing of N industries can be shown as follows (Chiu and Lin 2012):

 
X X F a X Fi

N

j

ij i
N

j

ij j i= ∑ + = ∑ +
= =1 1

 
(3.1)

 
a X Xij ij j= /

 
(3.2)

 
r X Xij ij i= /

 
(3.3)

Xi is the total gross output in sector i = 1, 2, …, N. aij is technical coefficients, rij is 
the direct output coefficients and Fi is the final demand in sector i. Eq. (3.1) explains 
the input-output table according to the demand-side model. The matrix consisting of 
input coefficients belonging to all sectors in an economy is called “input coefficient 
matrix and is indicated with A. The expression Xij in the equation refers to the inter-
mediate input level that the sector j receives from the sector i during the production 
process.

The solution of the production equation of the input-output method can be shown 
mathematically as follows (Özyurt 2007):

 X AX Y= +  (3.4)

 X AX Y− =  (3.5)

 
I A X Y−( ) =

 
(3.6)

 
X I A Y= −( )−1 .  

(3.7)

In the equation, X is the production vector, Y is the final demand vector and (I−A)−1 
is Leontief inverse matrix.

In the input-output analysis, the production of one industry has two different 
effects on the other industries. If the “g” industry increases its production by one- 
unit, it is expected that other industries using “g” as input in the production process 
will increase the demand for the g industry. This constitutes the causality aspect of 
the demand-sided model of Input-Output analysis. The concept of backward linking 
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describes such links with other sectors where one sector buys input. There will also 
be an increase in the input from the g industry for other industries that use the prod-
ucts of the g industry in the production process. This is the causality aspect of the 
supply side model. The forward linkage effect refers to the link between a sector and 
other sectors where its outputs are sold (Miller and Blair 2009). Briefly, backward 
linkages express the relations of a sector with input-providing sectors, while for-
ward linkages can be defined as the relationship between activity in a sector and 
sales of that sector (Matallah 2007).

The Leontief inverse matrix represents the total production of each industry or 
sector required to meet for final demand (Rua and Lechon 2016). The Leontief 
inverse matrix is of great importance for the solution of the Input-Output model. 
The total linkage effects of sectors in an economy are calculated with the Leontief 
inverse matrix. The values in the row of the Leontief inverse matrix show the total 
forward linkage effect, and the values in the column indicate the total backward 
linkage effect. Formulas of total forward and backward linkage effects can be shown 
as follows (Aydoğuş 2010):

 
TLF ri

j
ij= ∑

 
(3.8)

 
TLB rj

i
ij= ∑

 
(3.9)

Sectors that have a high forward and backward linkage effect in an economy are 
called key sectors. Since the key sectors have high forward and backward connec-
tions with other sectors in the economy, any investment in these sectors is expected 
to maximize economic growth. This is important for developing countries with lim-
ited resources (Choi et al. 2014).

When the literature on input-output model is examined, it is seen that there are 
two different methods for calculating backward and forward connections. These 
methods are the method used by the input coefficient matrix developed by Chenery 
and Watanabe (1958) and the Leontief inverse matrix developed by Rasmussen 
(1957) and then developed by Hirschman (1958). The approach developed by 
Chenery and Watanabe is called direct linkage connections, while the methods of 
Rasmussen and Hirschman are expressed as total linkage connections. (Gül and 
Çakaloğlu 2017).

The direct linkage effect (Fi) of an industry is the share of the intermediate 
demand for the production of that industry in the total demand. The direct forward 
linkage effect of an industry can be shown as follows: (Özyurt 1982):

 
F X Fi

j
ij i= ∑






 /

 
(3.10)

As an indicator of the magnitude of the demand of a sector for the outputs of other 
sectors, the ratio of the sum of the intermediate inputs directly received from this 
sector to other sectors and the ratio of the sector to the output gives the direct 
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backward linkage effect (Bi) of that sector. In this context, the direct backward link-
age effect for sectors i and j can be defined as follows (Aydoğuş 2010):

 
B X X ai

i
ij j

i
ij= ∑( ) = ∑/

 
(3.11)

3.3  Multiplier Effects

One of the important benefits of input-output analysis is that it allows the assess-
ment of both macro and micro impacts in the economy. Thus, it is possible to iden-
tify the total impacts that may arise in an economy (Ersungur et al. 2017). While an 
industry needs output as input to other industries to produce; the output of one 
industry provides input for other industries. This implies the interdependence 
between the industries in the production process. Therefore, input-output analysis is 
important in production planning and structure analysis of the economy (Chiang 
2005). All industries in the economy are dependent on each other to produce raw 
materials or final products. In addition, the sectors in the production process, while 
doing so, have significant impacts both on the other industries and on the whole 
economy. Increasing the amount of production of an industry in the economy may 
lead to a further increase in employment, output or income. This is called the mul-
tiplier effect.

The concept of multiplier generally refers to the extent to which a model will be 
affected for a response to an external change (Robison 2009). In economic terms, 
multipliers are measures used to estimate the overall impact of an economy in 
response to external changes in the production of a sector (McLennan 2006). 
Multiplier calculations can be made for several economic factors which as income, 
employment, and output through the Input-Output analysis (Burrows and Botha 
2013). Output, Employment and income multiplier are useful, important and guid-
ing analytical tools for economic calculations. In addition, the calculation of these 
multipliers also plays an important role for public policies and decision-makers. 
Because with the investments to be made in sectors that have a multiplier effect, 
serious developments can be achieved in the important areas of the economy such 
as employment, income and production and also the growth rate can be increased. 
In this context, it can be said that it is important to calculate the multiplier effect for 
the countries implementing the planned development policy.

The Leontief inverse matrix allows for the calculation of multipliers for all 
industries operating in the economy and to see total macroeconomic effects of the 
potential increase or decrease in external demand (Leontief 1974; Grealis et  al. 
2017). Multiplier calculations for all industries can be made for any year according 
to the Input-Output tables. The Leontief inverse matrix is the basis of the multiplier 
calculations in the input-output model (Sissoko and Cruyce 2009).
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The output multiplier indicates the increase in output for a response to a one-unit 
increase in the final demand. The total value of each column in the Leontief inverse 
matrix calculated using the Input-Output table represents the output multiplier value 
for that industry. The calculation of the output multiplier can be shown as follows 
(Ersungur and Kızıltan 2008):

 
Z Aj

n

i

ij= ∑
=1

 
(3.12)

According to Eq. (3.12), “n” represents the number of all industries in the economy 
and “Zj” represents the output multiplier of the industry in that economy.

The employment multiplier indicates the employment used in the production 
process and helps to define the use of labor belonging to a particular economy 
(Sissoko and Cruyce 2009). The employment multiplier indicates the total impact of 
a rise in the final demand on employment (Schaffer 1999). The simple employment 
multiplier of any industry can be shown as follows (Schaffer 1976; Özyurt 1982):
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In Eq. 3.13, Li shows us the amount of labor in industry i and Xi shows the amount 
of production. Li/Xi is the labor force coefficient of industry i. If we express Li / Xi 
as Le (Le = Li / Xi) and consider L as a vector, the employment multiplier can be 
calculated as follows:

 
e Le[ ] = [ ] −[ ]−. I A

1

 
(3.14)

In Eq. 3.14, (I−A)−1 shows the Leontief inverse matrix, while the elements of the 
vector [e] constitute the employment multiplier. Each element of the vector [e] 
expresses the labor input increases necessary to increase the production of sectors 
against the final demand increases. Briefly, it shows how much an increase in the 
final demand will increase the employment of sectors.

The income multiplier represents the change in total earnings from the entire 
economy as a result of the change in earnings from a particular sector (Fjeldsted 
1990). Income multiplier refers to the increase in household income because of the 
unit increase in final demand. As the value of the income multiplier increases, the 
degree of structural cohesion in that economy increases and the dependence of the 
economy on imports decreases (Özyurt 1982). The simple income multiplier can be 
shown as follows (Bocutoglu 1990):
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The term Xi represents the amount of production of the i industry, while the term Vi 
indicates the net added value of the i industry. If the value added coefficient of 
industry i is shown as vi = Vi / Xi, the income multiplier is calculated as follows:

 
g v[ ] = [ ] −[ ]−. I A

1

 
(3.16)

In Eq. 3.16, the vector [v] represents the value-added sequence vector, while the 
vector [g] represents the income multiplier. These formulas will be used in the cal-
culation of production, employment and income multipliers for the Turkish 
economy.

3.4  Data and Analysis

The data used in the study are Input-Output tables prepared by TURKSTAT for 
2002 and 2012. The Input-Output Table for 2002 prepared by TURKSTAT consists 
of 59 sectors, while the Input-Output Table for 2012 includes 64 sectors. When the 
similar studies in the literature is examined, it is seen that either the industry is 
formed by aggregating the industries or the industries are handled separately. Since 
the number of industries in the Input-Output tables are different, it is not possible to 
make one-to-one comparisons.

In this context, since the number of industries in the Input-Output tables of 2002 
and 2012 are different, it is considered that the aggregation method would not yield 
a healthy result and it is decided to handle the data for both years separately. In this 
study, firstly, each year’s tables are compared in the year that they belong. In the 
continuation of the study, a comparison is made between similar industries between 
the years and it is aimed to show how the development took place especially in the 
energy sector (Table 3.4).

Table 3.4 Energy industries in 2002 and 2012

Sector code Sector name

Energy industries in 2002
4 Extraction of coal, lignite and peat
5 Excluding exploration and exploration, crude oil 

and natural gas
17 Manufacture of coke, refined petroleum products
32 Electricity, gas, steam and hot water supply
33 Collection, treatment and distribution of water
Energy industries in 2012
10 Coke and refined petroleum products
24 Electricity, gas, steam and air conditioning
25 Natural water; water treatment and supply services
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After examining all the industries in the Input-Output tables and similar studies 
in the literature, the energy industries are identified in the Input-Output table for 
2002 and 2012. The industries and industry codes of the energy sector are given in 
Table 3.4

In this study, all industries in the economy are analyzed according to the 
demand – side Leontief model with the help of Input – Output tables for 2002 and 
2012. In this study, direct and total forward and backward linkage values of all 
industries are calculated. With this calculation, the structure and status of inter- 
industrial relations can be determined. Output, employment and income multiplier 
analyzes are performed. The data obtained as a result of the multiplier analysis 
contain the basic information necessary for a planned development model to be 
implemented and to help policy makers in their national planning. After these ana-
lyzes, developments in all industries, especially energy sector, are compared.

4  Empirical Results

In this part of the study, inter-industry linkage effects analyses, key sector analyses 
and calculations related to output, employment and income multipliers for the 
Turkish economy based on 2002 and 2012, and evaluations and interpretations 
related to these calculations are given.

4.1  Inter-Industry Linkage Effects

Since the input – output analysis has been present, it has followed a continuously 
developing course and has been used in many different fields. Input-Output analy-
sis, which was only used in economic matters in its first days, is used in many fields 
such as employment, social criteria, international factor and commodity trade, 
energy consumption and environmental pollution calculations. Since input-output 
analysis can be used in economic planning in addition to these calculations, it has 
become an important analysis tool used in all countries (Corona et al. 2016).

The input-output model is a quantitative econometric model representing the 
exchange of goods between different sectors/industries of a national economy and 
the interdependencies between industries (Dai and Yang 2013). The input-output 
table generated from the observed data for a particular economic area (country, 
region, local, etc.) shows a detailed flow of goods and services between all eco-
nomic units. (Feng and Hubacek 2015). The basis of the input-output analysis is the 
input-output coefficients that reveal the relationships between industries for the 
national economy (West 1995; Sun 2007).

For a sector to produce goods or services, it must be associated with other sectors 
and obtain the raw materials and production factors that it needs in the production 
process from other industries. In this context, it can be said that the industries 
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operating in the economy are interdependent with each other in the production pro-
cess. Inter-industrial forward and backward linkage effects and identification of key 
sectors are important indicators for a particular country’s economy.

The Input-Output tables prepared by TURKSTAT in 2002 consist of 59 indus-
tries and the Input-Output Tables for 2012 cover 64 sectors. Table 3.5 shows the first 
20 sectors with the highest direct forward and backward linkage effects in 2002 and 
2012. The data for the direct forward and direct backward linkage effects are calcu-
lated using Eqs. 3.10 and 3.11.

In 2002, the industries with high direct forward linkage effects in Turkey were as 
follows; Quarrying and other mining, Reassessment, Ancillary activities for finan-
cial intermediaries, Production and distribution of electricity, gas, steam and hot 
water, Water collection, treatment and distribution and Manufacture of coke, refined 
petroleum products and nuclear fuel. The industries in which direct forward linkage 
effects in Turkey were of high value in 2012 are: Printing and recording services, 
Employment services, Advertising and market research services, Electricity, gas, 
steam and air conditioning, Coke and refined petroleum products. When the direct 
forward linkage industries of 2002 and 2012 are examined, it is seen that the elec-
tricity, gas and steam industries and coke and refined petroleum products industries 
belonging to the energy industry are included in the ranking. According to this 

Table 3.5 Turkey direct forward and backward linkage in 2002 and 2012 (top 20 sectors)

Direct forward linkage Direct backward linkage
2002 2012 2002 2012
Sector 
no.

Row 
totals

Sector 
no.

Row 
totals

Sector 
no.

Column 
totals

Sector 
no.

Column 
totals

8 1,42077 9 1,03389 31 0,78022 24 0,78197
31 1,11995 52 0,99725 9 0,71009 49 0,67633
46 1,00000 49 0,99567 12 0,70263 5 0,65826
50 0,99071 54 0,88883 14 0,68025 42 0,63431
15 0,92392 7 0,87609 32 0,67973 53 0,63199
51 0,85493 4 0,87020 50 0,66679 27 0,60491
21 0,85160 46 0,86278 11 0,65796 9 0,60241
20 0,83577 34 0,85074 10 0,64733 13 0,59021
7 0,82982 51 0,84588 30 0,63431 6 0,58945
5 0,82774 26 0,82791 13 0,63091 33 0,58462
32 0,80018 11 0,81272 41 0,61190 14 0,57526
17 0,79944 14 0,80962 19 0,60678 60 0,55771
16 0,79664 24 0,80439 20 0,59135 63 0,54141
19 0,76718 47 0,79520 16 0,57122 15 0,53028
42 0,73702 38 0,77750 17 0,57056 18 0,52409
14 0,73113 10 0,75115 46 0,56982 7 0,52116
18 0,71293 43 0,73287 22 0,56292 22 0,51900
48 0,71264 50 0,73222 15 0,55650 16 0,51120
22 0,69754 35 0,71077 34 0,54342 38 0,51005
33 0,64970 8 0,70624 38 0,53495 50 0,50451
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result, both in 2002 and 2012, it can be said that the energy sector and energy indus-
tries have high forward linkage effect.

The industries with a high direct backward linkage effect in 2002 were as fol-
lows: Reassessment, Manufacture of food products and beverages, Manufacture of 
wearing apparel, Manufacture of wood and cork products (except furniture) And 
Manufacture of coke, refined petroleum products and nuclear fuel. In 2012, electric-
ity, gas, steam and air-conditioning was the industry with the highest direct back-
ward linkage impact, followed by Advertising and market research services, Food, 
beverages and tobacco products, and Insurance, reinsurance and pension funds. 
When the direct backward linkage data for 2012 are analyzed, it is seen that energy 
industry is in the first place. This is an indication of significant progress in the 
energy sector in Turkey.

Table 3.6 shows the top 20 industries in Turkey with the highest total forward and 
backward linkage effects for 2002 and 2012. The total forward and total backward 
linkage effects in the table were calculated using Eqs. 3.8 and 3.9.

The industries with the highest value of total forward linkage effects in 2002 are 
respectively; Manufacture of chemicals and chemical products, Basic metal indus-
try, Electricity, gas, steam and hot water supply, Extraction of crude oil and natural 
gas and related service activities and Manufacture of coke, refined petroleum 

Table 3.6 Turkey total forward and total backward linkage in 2002 and 2012 (top 20 sectors)

Total forward linkage Total backward linkage
2002 2012 2002 2012
Sector 
no.

Row 
totals

Sector 
no.

Row 
totals

Sector 
no.

Column 
totals

Sector 
no.

Column 
totals

18 4,2032 24 4,36008 12 2,5106 24 2,70324
21 4,0965 4 3,92733 31 2,4710 49 2,34314
32 3,8230 11 3,40502 11 2,3171 53 2,15893
39 3,4705 31 3,33463 13 2,3058 27 2,13970
51 3,2983 15 2,97869 32 2,2974 5 2,13744
36 3,2573 29 2,81488 9 2,2417 6 2,13593
44 3,1744 10 2,77535 50 2,2367 9 2,09153
15 2,8779 44 2,60247 30 2,2124 42 2,06435
11 2,8100 54 2,21428 14 2,2026 60 2,00195
1 2,7172 8 2,21204 10 2,1430 13 1,99772
5 2,6069 41 2,19220 19 2,0834 14 1,97247
42 2,5588 1 2,17930 16 2,0745 33 1,96337
37 2,3552 34 2,14196 20 2,0727 38 1,95163
17 2,1857 38 2,09737 41 2,0684 63 1,95157
35 2,0684 6 2,06772 15 2,0351 22 1,95041
19 2,0289 49 2,02853 22 2,0349 18 1,94698
9 1,9417 27 2,02216 34 2,0182 16 1,93679
20 1,8774 5 1,95749 28 1,9973 20 1,90619
47 1,8643 46 1,90070 38 1,9910 7 1,88572
23 1,7942 26 1,83672 46 1,9666 8 1,88436
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products and nuclear fuel. The industries where the total forward linkage effect has 
a high value are as follows in 2012: Electricity, gas, steam and air conditioning, 
Mining and Quarrying, Chemicals and chemical products and Coke and refined 
petroleum products.

The industries with the highest value of total backward linkage effects in 2002 
are respectively: Manufacture of wearing apparel, Reassessment, Manufacture of 
textile products and Electricity, gas, steam and hot water supply. In 2012, Electricity, 
gas, steam and air conditioning, Advertising and market research services, Travel 
agency, tour operator, other reservation services and related services and 
Constructions and construction works industries are the industries with high total 
backward linkage effect. When the data in Table 3.6 is examined, it is seen that the 
total forward and total backward linkage effect of the energy industry has a 
high value.

If the backward linkage effect of industry/sector x is greater than that of sector j, 
it can be said that the increase in the production of sector x will have more beneficial 
economic effects than an equal expansion in the production of sector j. Furthermore, 
if the forward linkage effect of sector x is higher than the forward linkage effect of 
sector j, it can be said that the positive effects of the growth of sector x will be more 
than the positive effects of sector j, for the economy. If the total forward linking 
effect and the total backward linking effect are considered together for an industry 
operating in the economy, the industries where these two effects are high are defined 
as the key sector (Miller and Blair 2009; Choi et al. 2014).

In this context, it is seen that electricity, gas, steam and air conditioning services, 
in other words energy industry, are the most important key sectors for 2012. Other 
key sectors in 2012 are: Advertising and market research services, Paper and paper 
products, Film, video, music and television related programming, publishing and 
production services, and Constructions and construction works. The key sectors in 
2002 are respectively: Production and distribution of electricity, gas, steam and hot 
water, Manufacture of paper and paper products, Manufacture of textile products, 
Manufacture of plastic and rubber products and Manufacture of food products and 
beverages. When the key industries of both years are examined, it is seen that the 
same industries are the key sectors in general, but the energy industry is the most 
important key sector especially in 2012.

Similarly, for the energy industry in 2002, electricity, gas, steam and hot water 
production and distribution is the key sector. In addition, in 2002, the crude oil and 
natural gas extraction and related service activities and Coke, refined petroleum 
products and nuclear fuel manufacturing industries had a high total forward linkage 
effect. As the total forward linkage values of these industries are high, it can be said 
that the positive effects of the growth of these industries on the economy will be 
higher than the other sectors.
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4.2  Output Multiplier

The output multiplier refers to the change in the production of all sectors against the 
change in the production of a particular sector (Fjeldsted 1990). In other words, the 
production multiplier indicates the increase in the output level of the whole econ-
omy in response to a one-unit increase in final demand. The total value of each 
column in the Leontief inverse matrix calculated using the Input-Output table rep-
resents the production multiplier value for that industry (Ersungur and Kızıltan 
2008). The output multiplier is a useful indicator to show the dependencies between 
industries in an economy (Heringa et al. 2013)

The degree of structural correlation between each industry operating in the econ-
omy and other industries indicates the value of the output multiplier. In this context, 
as the value of output multiplier belonging to an industry increases, so does the 
degree of structural correlation in that industry. Industries use both the outputs pro-
duced by themselves and the outputs produced in other sectors as intermediate 
inputs in the production process. This mutual trade relationship between the indus-
tries in the production process shows industrial correlation.

Output multiplier values for the years 2002 and 2012 calculated using Eq. 3.12 
are given in Table 3.7. When the data in Table 3.7 are examined, the industries with 
high production multipliers in 2002 are respectively: Manufacture of apparel, 

Table 3.7 Output multiplier values for Turkey in 2002 and 2012

2002 2012
Sector no. Output multiplier Sector no. Output multiplier

12 2,5106 24 2,70324
31 2,4710 49 2,34314
11 2,3171 53 2,15893
13 2,3058 27 2,13970
32 2,2974 5 2,13744
9 2,2417 6 2,13593
50 2,2367 9 2,09153
30 2,2124 42 2,06435
14 2,2026 60 2,00195
10 2,1430 13 1,99772
19 2,0834 14 1,97247
16 2,0745 33 1,96337
20 2,0727 38 1,95163
41 2,0684 63 1,95157
15 2,0351 22 1,95041
22 2,0349 18 1,94698
34 2,0182 16 1,93679
28 1,9973 20 1,90619
38 1,9910 7 1,88572
46 1,9666 8 1,88436
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Reassessment, Manufacture of textiles, Electricity, gas, steam and hot water pro-
duction and distribution. In 2012, the industries with high production multipliers 
were: Electricity, gas, steam and air conditioning, Advertising and market research 
services, Travel agency, tour operator and related services, Constructions and con-
struction works, Food, beverages and tobacco products.

When output multiplier values are examined, it is noteworthy that the values of 
the energy industry are high in both years. Furthermore, the fact that the multiplier 
values are close to 2 in most of the industries shows that the structural correlation is 
high in most of the industries. When the output multiplier values of the industries in 
the table are examined, it is observed that the output multiplier values of the indus-
tries operating in the services and industry sectors are generally higher. In this con-
text, it can be said that the share of services and industry-related industries will be 
higher in the production increase that will emerge in the economy in response to an 
increase in final demand due to their high structural correlation.

4.3  Employment Multiplier Effect

Assuming that there is a close relationship between employment levels in a sector/
industry and the level of production, the employment/output ratio can be defined for 
all output levels. In this context, inputs from each industry in the input-output table 
can be adjusted to give employment multipliers (Bekhet 2011). The employment 
multiplier of an industry is the employment that will occur in all industries if the last 
demand of that industry increases by one unit (Tariyal 2016). The employment mul-
tiplier measures the total change in employment due to a change in the labor force 
in a given industry (Surugiu 2009).

The employment multiplier is an important information and indicator for policy 
makers as it shows information about the total employment resulting from an eco-
nomic activity. (Heringa et  al 2013). Furthermore, the value of the employment 
multiplier is of great importance for economic planning. Because, in sub-regions 
and provinces where population growth is high, employment increasing sectors 
should be identified correctly. In this context, if increasing employment is chosen as 
a goal of economic planning, the employment multiplier will be an important indi-
cator (Ozyurt 1982).

The employment multiplier values in Table 3.8 are calculated via Eq. 3.14. When 
the data in the table is examined, the industries with high employment multiplier 
values in 2002 are as follows: Domestic services, Educational services, Public 
administration and defense, Compulsory social security, Coal mining, Lignite and 
peat extraction.

In 2012, the industries with high employment multiplier values are as follows: 
Services of households as employers, Public administration and defense services, 
compulsory social security services, Education services, Services provided by 
member organizations and Human health services. When the employment multi-
plier data for both years are analyzed, it is noteworthy that the multiplier value is 
high in similar industries and these industries are in the services sector.
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Given that the services sector has a labor-intensive structure, it can be said that 
this is an expected result. In this context, it can be said that the best response to the 
policies aimed to increase employment is the new investments to be made in these 
sectors. Another factor that draws attention in the table is that the employment mul-
tiplier values of public services are high. This situation makes it necessary to 
increase public expenditures in order to increase employment.

When the data in the table is evaluated in terms of energy industry, it is observed 
that the employment multiplier value is generally low. It can be said that the reason 
of this situation depends on the capital-intensive structure of the energy industry 
and the intensive technology instead of labor.

4.4  Income Multiplier Effect

Income multiplier refers to the increase in household income due to the unit increase 
in final demand. The simple income multiplier is the increase in revenue caused by 
a one-unit increase in final demand for any industry. As the value of the income 
multiplier increases, the degree of structural cohesion in that economy increases and 
the dependence of the economy on imports decreases (Özyurt 1982). Accordingly, 

Table 3.8 Employment multiplier values for Turkey in 2002 and 2012

2002 2012
Sector no. Employment multiplier Sector no. Employment multiplier

59 1,00000 64 1,00000
53 0,71352 55 0,69063
56 0,66975 56 0,67705
52 0,61765 61 0,64489
54 0,40710 57 0,55551
57 0,37311 54 0,49625
4 0,35626 43 0,44681
7 0,28154 52 0,43640
50 0,27050 60 0,39967
12 0,26796 35 0,39282
43 0,24897 48 0,36013
20 0,23937 41 0,35047
44 0,23404 42 0,34764
34 0,23172 49 0,32255
45 0,23079 38 0,31781
2 0,22657 47 0,29444
55 0,22562 29 0,29379
38 0,22472 36 0,27788
10 0,21603 58 0,27713
42 0,21423 37 0,26695
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it can be said that there is an inverse relationship between the income multiplier and 
the economy’s dependence on imports. The income multiplier values for the years 
2002 and 2012 calculated using Eq. 3.16 are given in Table 3.9.

According to the data in Table 3.9, the sectors with the highest income multiplier 
in 2002 are as follows: Home works, Air transport, Radio, television, communica-
tion equipment and equipment manufacturing and Public administration and 
defense, compulsory social security. In 2012, the industries with a high income 
multiplier were: Services of households as employers, Computer programming, 
consultancy and related services, Educational services, Scientific research and 
development services. In these industries with high income multiplier value, it can 
be said that Turkey’s low dependency rate on foreign exports.

5  Conclusions and Discussions

Input-Output analyses are used in this study, including the demand-driven model, 
the inter-industry linkage effect analysis, total forward and total backward linkage 
analysis and multiplier analysis, to investigate the role of the energy sector in 
Turkey’s national economy in 2002 and 2012. The results of the study provide some 

Table 3.9 Income multiplier values for Turkey in 2002 and 2012

2002 2012
Sector no. Income multiplier Sector no. Income multiplier

59 1,00000 64 1,00000
41 0,93647 40 0,95695
26 0,93166 56 0,95496
6 0,92600 48 0,94479
52 0,91729 59 0,94207
13 0,91314 52 0,93848
47 0,89877 46 0,93030
23 0,88716 43 0,92954
11 0,88550 44 0,92764
28 0,88182 41 0,90751
25 0,88125 61 0,90390
56 0,87314 30 0,90337
21 0,87213 54 0,89722
15 0,86946 58 0,89492
50 0,86848 39 0,89065
45 0,86536 2 0,89060
20 0,86164 55 0,88445
44 0,85038 51 0,88331
31 0,84979 57 0,88069
40 0,84154 29 0,87819
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guidelines for policymakers to make proposals for the energy industry’s investment 
and construction.

According to the data analysis, the energy industry has high values in total for-
ward and total backward linkage effects both in 2002 and 2012. If an evaluation is 
made between years, it is seen that the total forward and total backward linkage 
effects in 2012 are higher. Since both the total forward link and total back link val-
ues of the energy industry are high, it has been found to be a key sector in the Turkey 
economy in both years. Key sectors are capable of affecting the overall economy 
due to their high forward and backward connections. Therefore, as a result of invest-
ments in key sectors, it is possible to achieve positive progress and growth in the 
economy. From this point of view, it can be said that the economic growth in the 
Turkish economy can be realized with the investments to be made in this industry 
because the energy industry is a key sector.

Multiplier analysis is an important economic indicator especially for policy mak-
ers and planners due to the revival of the economy in general and the clues it gives 
to the future. Especially, output, employment and income multipliers are important 
tools in this regard. Energy industries have high values in terms of output multiplier 
in 2002 and 2012. This shows that the structural connection in the energy industry, 
in other words, inter-industrial relations is high. It has been found that energy indus-
tries have low values in terms of employment multiplier and income multiplier val-
ues. It can be said that the reason of this situation for employment multiplier, 
depends on the capital-intensive structure of the energy industry and the intensive 
technology instead of labor. In this context, it can be said that the results are as they 
are expected. As for the low value of the income multiplier in the energy industry 
shows that Turkey is dependent on foreign energy. This is also true when Turkey’s 
data on energy imports are analyzed. For a country with a high growth rate like 
Turkey, it is noteworthy that the energy sector is economically dependent on the 
foreign trade. It is a fact that the energy sector will have an important place in the 
development and growth process of Turkey if it gets rid of this foreign-dependent 
structure. In this respect, each investment in the energy industry, which is a key sec-
tor for the country with high forward and backward links, will have a significant 
impact on Turkey’s socio-economic development process.
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Chapter 4
Impacts of Electricity Subsidies Policy 
on Energy Transition

Asma Dhakouani, Essia Znouda, and Chiheb Bouden

Abstract Energy subsidy programmes are socio-economically designed to offer a 
modern and affordable energy, accessible for specific social groups, protect domes-
tic industry, simulate economic development and protect the environment. However, 
in several countries, energy subsidies have deviated from their objectives and 
become an energy budget burden and a sustainable development barrier. Many 
questions arise: what are exactly energy subsidies? How are they implemented in a 
country mechanism? And what are their real effects?

This Chapter presents a review of energy subsidies: definitions, typologies, mea-
surement approaches and effects. Facing harmful energy subsidies, reforms are also 
examined to help decision-makers phase out energy transition barriers related to 
subsidies. The case of the Tunisian power system is displayed in deeper details, 
characterised with a heavy burden of end-users electricity subsidies and an energy 
transition aiming 30% of renewable energies by 2030, against 3% in 2019. Using a 
holistic approach, based on hybrid energy systems modelling, has allowed present-
ing insights on reforming electricity subsidies and achieving sustainable develop-
ment. This approach links subsidies, pricing, emissions, demand and supply of the 
power system through the advanced version of OSeMOSYS. Dynamics between 
energy, economics and environment are appealed within an integrated analysis of 
electricity subsidies policy.
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1  Introduction

Local energy pricing policies is a governmental intervention in energy markets tar-
geting social, economic and environmental objectives. Commonly known as energy 
subsidies (ES), this policy facilitates access to basic fuels, e.g. diesel, electricity and 
liquefied petroleum gas, etc. Subsidy programmes are originally designed to make 
modern energy affordable and accessible for specific social groups or in rural areas, 
protect domestic industry from competition, simulate economic and regional devel-
opment and protect the environment (Fattouh and El-Katiri 2012). Taking into con-
sideration these numerous benefits that Governments try to reach through energy 
subsidies, what are exactly energy subsidies? How are they implemented in a coun-
try mechanism? And what are their real effects? This chapter pleads energy subsi-
dies by bringing answers to these questions. Section 2 reviews energy subsidies, 
followed by Sect. 3 analysing renewable energy (RE) subsidies. Then, Sect. 4 will 
overview the benefits, challenges and costs of ES reform, and present methodolo-
gies for the identification of harmful energy subsidies and designing their reform. 
Ultimately, in Sect. 5 the case study about the power system of Tunisia is analysed. 
Applicable electricity subsidies definition in Tunisia are identified, existing types 
and their effects are reviewed, and different Government interventions for electric-
ity, electrification and RE subsidies are cited. In order to present holistic insights on 
the power system, this chapter relies on an advanced version of Open Source energy 
MOdelling SYStem “OSeMOSYS”, i.e. a hybrid cost-based model relating electric-
ity demand and supply through long-term optimisation.

Based on simulation results, recommendations to policy makers will be pre-
sented on how to reform electricity subsidies in Tunisia to achieve energy transition.

2  Review of Energy Subsidies

2.1  Definitions

Given the areas that subsidies are covering, there is no fit-all definition; and even 
within the energy sector the same problematic is faced. Many works have defined 
ES, where they agree about common points and differ about others. Given the 
developed literature of international organisations in terms of energy economics, 
their definitions of ES are taken into consideration in this work, listed in the 
Box 4.1.

The common point in these definitions is built around the principle that ES is a 
Government intervention. However, definitions differ about the target (consumer 
and/or producer), type of Government intervention (financial or in-kind) and effects 
on market prices.
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Box 4.1: Energy Subsidies Definitions
United Nations (UN) Statistical Office definition based on the System of 
National Accounts (SNA)

Subsidies are current unrequited payments that Government units, includ-
ing non-resident Government units, make to enterprises on the basis of the 
levels of their production activities or the quantities or values of the goods or 
services which they produce, sell or import (Von Moltke et al. 2004).

World Trade Organisation (WTO) Agreement on Subsidies and 
Countervailing Measures (ACMS)

A “subsidy” exists when there is a “financial contribution” by a Government 
or public body that confers a “benefit”. A “financial contribution” arises 
where: (i) a Government practice involves a direct transfer of funds (e.g. 
grants, loans, and equity infusion), potential direct transfers of funds or liabil-
ities (e.g. loan guarantees); (ii) a Government revenue due which is foregone 
or not collected (e.g. fiscal incentives such as tax credits); (iii) goods or ser-
vices other than general infrastructure or purchased goods provided by the 
Government; or (iv) an entrusted or directed private body by the Government 
to carry out one or more of the above functions.

All WTO members accept this subsidy definition (Sovacool 2017).
Organisation for Economic Co-operation and Development (OECD) 

definition
ES are measures that keep prices for consumers below market levels or for 

producers above market levels, or reduces costs for consumers and producers 
(Kleinbard 2010). Within the European Union, there isn’t any common desig-
nation of ES.

United Nations Environment Programme (UNEP) definition
During the twenty-first century, UNEP considers ES any Government action 

that influences energy market outcomes by lowering the cost of energy produc-
tion, raising the price received by energy producers or lowering the price paid by 
energy consumers. Governments like to keep subsidies “off- budget” for political 
reasons, since “on-budget” subsidies are an easy target for pressure groups inter-
ested in reducing the overall tax burden (Steenblik 2003).

US Energy Information Administration (EIA) and International 
Energy Agency (IEA) definition

Both institutions have defined an energy subsidy as any Government action 
designed to influence energy market outcomes, whether through financial 
incentives, regulation, research and development or public enterprises, which 
lowers the cost of energy production, raises the price received by energy pro-
ducers, or decreases the price paid by energy consumers (Brown 2001).

International Monetary Fund (IMF) definition
Energy subsidies comprise both consumer and producer subsidies. 

Consumer subsidies arise when the prices paid by consumers, including both 
firms (intermediate consumption) and households (final consumption), are 
below a benchmark price, while producer subsidies arise when prices received 
by suppliers are above this benchmark price (Fisher and Rothkopf 1989).
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2.2  Typology

The classification of energy subsidies is highly related to their definitions. Some 
definitions include parameters and ignore others. These parameters are generally:

• Pathway benefits (direct or indirect, explicit or implicit, on-budget or off-budget)
• Target (consumer or producer, input or output)
• Instrument (budget, tax, transfer, assets)
• Purpose (regional development or energy conservation).

Previous research works where based on one of these parameters to classify sub-
sidies mechanisms. However, the same mechanism could be classified under differ-
ent categories. For example, a loan could be a financial transfer, direct and for a 
consumer. Table 4.1 summarises the different mechanisms.

2.3  Measurement

The task of measuring and comparing ES across countries or on a national basis 
might be highly complex and complicate their reform. This is due to the differences 
in definitions, classifications, the degree of transparency of fiscal systems and the 
complexity of energy systems. The attempt studies about quantifying energy subsi-
dies are very limited given the lack of data and the complexity of the tasks (Von 
Moltke et al. 2004).

Sections 2.3.1, 2.3.2, 2.3.3 and 2.3.4 are the most common approaches for mea-
suring ES which have been mentioned and applied by international organisations.

2.3.1  The Price Gap Approach

It is the most commonly applied method to calculate subsidies and is based on a 
comparison of the average end-use prices paid by consumers with reference prices 
presenting the full cost of the supply. In a given economy, the basic calculation of 
subsidies for a product is expressed in Eq. 4.1:

 
Subsidy Reference price End user Price Units consumed= −( )×_

 
(4.1)

Where:

• Reference price represents the supply cost  — in electricity field: generation, 
transmission and distribution costs— plus the value added taxes (VAT);

• End_user price represents the price paid by the final consumer;
• Units consumed are the amount of energy consumed per unit; for e.g. quantity of 

kWh consumed.
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Table 4.1 Classification of energy subsidies The Price Gap Approach

Government 
interventions Definitions/schemes Sources

Effects on 
prices

Classification 
parameters

Direct financial 
transfers

Grants to producers, 
low-interest or preferential 
loans to producers

Sovacool 
(2017)

Lower 
production’s 
cost

Transfer, direct, 
consumers and 
producers

Grants to consumers Lower 
consumer’s 
price

Preferential tax 
treatments

Rebates or exemption on 
royalties, duties, producer 
levies and tariffs

Sovacool 
(2017)

Lower 
production’s 
cost

Tax, consumers 
and producers

Tax credit Lower 
production’s 
cost and 
consumer’s 
price

Accelerated depreciation 
allowances on energy supply 
equipment

Lower 
production’s 
cost

Tax 
expenditures

Related to final 
consumption, typically 
targeted at households

Kleinbard 
(2010)

Lower 
consumer’s 
price

Tax, consumers 
and producers

Related to energy as inputs 
to production: Targeted at 
fuels or electricity, used as 
input to the final production 
of another good or service.

Lower 
production’s 
cost

Related to energy 
production: Targeted at the 
actual extraction and 
production of energy, 
including refining and 
transport.

Lower 
production’s 
cost and 
consumer’s 
price

Government 
revenue 
foregone

Governments also forego 
revenue by offering the use 
of non-depletable (e.g. land) 
or depletable assets (e.g. 
fossil-fuel resources) under 
their control to a private 
company (or individuals) to 
exploit them for their own 
use or for sale

Steenblik 
(2003)

Lower 
production’s 
cost or 
consumer’s 
price

Asset, 
consumers and 
producers, 
regional 
development

(continued)
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In general to avoid overestimation, electricity reference prices rely on the LCOE 
from a combined-cycle gas turbine plant as a ceiling (Olejarnik 2013; Lin and 
Jiang 2011).

This methodology captures the support for end-users, which is the major part for 
fossil fuel energies, and doesn’t take into consideration other types of subsidies such 
as industry development. This entails an underestimation of ES and their economic 
impact on the Government budget (Koplow 2009).

Table 4.1 (continued)

Government 
interventions Definitions/schemes Sources

Effects on 
prices

Classification 
parameters

Regulation of 
the energy 
sector

Demand guarantees and 
mandated deployment rates

Sovacool 
(2017)

Lower 
production’s 
cost and raise 
price to 
producer

Energy 
conservation

Price controls Raise the price 
to producers 
and lower it to 
consumers

Market-access restrictions 
and preferential planning 
consent and controls over 
access to resources

Raise price to 
producers

Energy-related 
services 
provided by 
Government at 
less than full 
cost

Direct investment in energy 
infrastructure

Sovacool 
(2017)

Lower 
production’s 
cost

Development, 
direct, explicit, 
budget

Public research and 
development

Lower 
production’s 
cost

Trade 
restrictions

Quota, technical restrictions 
and trade embargoes

Sovacool 
(2017)

Raise price to 
producer

Producers, 
indirect

Failure to 
impose external 
costs

Environmental externality 
costs

Brown 
(2001)

Lower 
consumer’s 
price

Off-budget

Energy security risks and 
price volatility costs

Lower 
consumer’s 
price

Depletion 
allowance

Allow gross income 
deduction up to ~27% for 
depletion of exhaustible 
resources (oil, gas, 
minerals).

Fisher and 
Rothkopf 
(1989 and 
Mead 
(1979)

Raise price to 
producers

Direct, assets

Transfer of risk 
to Government

Governments assume some 
of the risk taken by energy 
producers through all kinds 
of measures.

Mills 
(2003)

Lower 
production’s 
cost

Off-budget and 
indirect
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2.3.2  The Effective Rate of Assistance

The Effective Rate of Assistance (ERA) calculation considers local price direct and 
indirect effects. This consideration makes it practically difficult to apply because of 
the intensive required data such as the upstream industry of the estimated product 
(Plunkett et al. 1992; Anderson 1980). Originally, it derives from the effective rate 
of protection developed in 1960s. It measures net incentives for activities producing 
tradable goods.

ERA’s formula is in Eqs. 4.2 and 4.3:

Net Subsidy Equivalent AssistedValue Added UnassistedValue= − dd Added  (4.2)

 
ERA

Net Subsidy Equivalent

Unassisted Value Added
= ×

  
100

 
(4.3)

Where:

• Assisted value added is the fully subsidised added value of an activity. It consid-
ers domestic pricing arrangements, export subsidies or taxes, local content 
schemes, production subsidies, quantitative import restrictions, tariffs, variable 
levies and voluntary export restraints. Moreover, it includes land, labour or capi-
tal returns.

• Unassisted value added representing real value of an output without any 
intervention.

2.3.3  Producer Subsidy Equivalent and Consumer Subsidy Equivalent

The Producer Subsidy Equivalent is the nominal cash allocated to local producers 
corresponding to the total support for a certain level of outputs, consumption and 
trade. Therefore, it focuses on the supply side and does not capture all subsidies. On 
the other hand, the Consumer Subsidy Equivalent (CSE) rather focuses on con-
sumption and end-uses and is presented in Eq. 4.4 (Cahill and Legg 1990):

 

CSE consumed quanti= ∑ −( )×domestic prices international prices tty

+ direct financial payment to consumers  
(4.4)

Where:

• Domestic prices are prices paid by consumers;
• International prices reflect the cost of energy including transportation and distri-

bution costs;
• Direct financial payment to consumers are direct subsidies paid by the 

Government to consumers to afford access to energy.
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2.3.4  The Pass-Through Approach

Equation 4.5 is another method for measuring the magnitude of energy subsidies 
developed by the International Monetary Fund (IMF), named the pass-through 
approach (IMF 2013).

 

P T.
Pr Pr

=
( ) − −( )
( ) − −( )
t t

Pw t Pw t

1

1
 

(4.5)

Where:

• Pw(t) is the international price or the supply cost;
• Pr(t) is the actual retail price paid by consumers, including taxes.

Thus, PT factor reflects the changes in international prices for energy goods on 
retail prices in the local market. There are three possible cases:

• PT = 0, then prices are fixed or virtually fixed.
• PT < 1, then there is exemptions of subsidies or tax.
• PT ≥ 1, then there is full pass-through or no subsidies, meaning that all the fluc-

tuations in the international prices of energy goods are reflected in the domes-
tic market.

However, this methodology has some limitations since the indicator can be nega-
tive around an inversion of the trend in international prices; it is as well sensitive to 
the choice of start and end-dates; and it does not account for initial price levels.

2.4  Effects

ES effects have economic, social and environmental dimensions, connected to each 
other. Indeed, ES accompanied with other policies conditioning the supply and 
demand and protecting the environment affect primary marginal revenues, produc-
tion and incomes. Subsequently, they affect the composition of production and the 
outputs related to each sector. Further, ES have direct and indirect effects on emis-
sions and resource use causing other consequences on environmental damage. 
Hence, ES effects should be interpreted based on a holistic approach (Ogarenko and 
Hubacek 2013; Sdralevich et al. 2014).

2.4.1  Economic Effects

On the one hand, several studies have identified the high costs associated to ES and 
the appearance of economic efficiency losses.
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Firstly, by lowering blindly end-use prices there is an augmentation in energy’s 
utilisation. This causes a reduction in incentives designated for more efficient 
energy and technologies, which was the case of the former Soviet Union. Those 
technologies have a high investment cost comparing to conventional technologies. 
The subsidies targeting consumption may decrease energy suppliers’ profits and 
their ability to invest in new infrastructure, causing severe energy shortages.

Moreover, direct subsidies in the form of grants and tax exemptions present a 
heavy burden on Government’s budget especially when international prices are 
high. Price caps, a subsidy form, have led to physical shortages and have required 
costly administratively arrangements.

Additionally, the increase in energy use due to subsidised prices entails an aug-
mentation of imports or a decrease in exports. This engenders a high dependency on 
other nations or a spread of smuggling fuels, the case in many African countries. 
This illegal trade causes budgetary costs for originating countries, and ability limi-
tation to tax domestic consumption for receptor countries.

Specifically, electricity subsidies could present a heavy burden on the state bud-
get and weaken public funds. Therefore, they limit the development on other sec-
tors. Other problems might occur (Narula et al. 2012; USAID SARI 2004):

• Overconsumption and waste of electricity due to distorted prices;
• Equipment negligence, subverting production and limited innovation;
• High interest and focus on subsidising one kind of sources creating barriers to 

diversification and to private sectors to flourish;
• Lifeline rates poorly designed and can be serving political considerations leading 

to disastrous financial and environmental damages.

On the other hand, there are several economic advantages from energy subsidies. 
For instance, subsidies targeting producers will reduce charges on investors and 
participate in industrial development. The energy related services provided by the 
Government such as investment in infrastructure or public R&D represent a tool of 
improving the value chain of the energy sector and increasing related added-value. 
Moreover, the transfer of risks to the Government allows providing a safer and a 
more favourable environment for investors.

2.4.2  Social Effects

Social effects could be deduced based on the type of subsidy. For this matter, let’s 
take into consideration the division consumer/producer subsidies.

Consumption subsidies allow:

• Providing an affordable and accessible energy;
• Promoting a switch from traditional, i.e. wood energy, to modern forms of 

energy, i.e. conventional or renewable.

With subsidies’ policies, Governments aim also to improve the living conditions 
of people. An affordable energy allows indeed a creation of more productive 
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activities either in rural or urban areas affecting thus the phenomenon of exodus. 
Unfortunately, in many developing economies the social benefits don’t reach rural 
areas. It is the rich and high consumer who are most likely to benefit, leaving the 
poor in a worse situation since the costs of subsidies are shared by the whole popu-
lation (United Nations Environment Programme and International Energy Agency 
2002). As a matter of fact, the situation results on:

• The poor is unable to afford subsidised energy;
• The financial value to the poor is very low due to their modest consumption and 

price caps;
• The middle and high income classes get more advantages from ES.

In many cases, ES ended up in capital intensive projects causing, on the one 
hand, a displacement of communities or affecting the health of poor neighbours 
unable to move away. On the other hand, ES boosted improving conditions of power 
and infrastructure in neighbouring areas of projects investments. This reflects hence 
the contradictory effects of E.S.

2.4.3  Environmental Effects

The environmental effects are dependent on the type of subsidy and energy sources. 
ES to end-users lower the prices, increase the consumption, and cause therefore an 
augmentation of emissions and pollution (especially with the utilisation of conven-
tional energy like oil). ES to producers, increase production and therefore raise 
pollution. However in some developing countries, ES for fuel lower deforestation 
phenomenon and carbon emissions, making the switch to modern forms (fuel and 
electricity) highly favourable. Moreover, subsidising renewable energies will avoid 
emissions and decrease deforestation.

With the increase of concerns lately about climate change, many research works 
have tried to solve the dilemma (Dipa et al. 2015): “Is subsidy worthy or harmful 
for mitigating climate change?” Many have concluded that fossil fuels contribute to 
higher GHG emissions. This was based on the observations about the removal of 
coal subsidies in OECD countries, which have generated important environmental 
benefits. Cert, subsidising renewable energies and energy efficiency initiatives will 
further decrease emissions. However, it requires high supports to make it competi-
tive and therefore it negatively affects the Government’s budget. Some types, such 
as biofuels or non-consideration PV panels recycling, might cause also severe dam-
ages on the natural resources. In conclusion, emissions have to be assessed during 
the whole life-cycle from production, to conversion, transportation and end-use 
(UNEP-DTIE 2008).
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3  Renewable Energy Subsidies

3.1  Framework

Among the challenges encountered during the integration of RE, Governments need 
to (Been 2013):

• Adapt the energy balance;
• Implement policies which promote cost competitiveness and avoid windfall 

profits;
• Identify appropriate policy funding mechanisms;
• Ensure that decisions are made transparently and are accountable;
• Achieve wide-scale political willing and social acceptance;
• Map institutional discrepancies, policy implementation and uncertainty of deci-

sion making roles;
• Overcome bottleneck situations related to the infrastructure of conventional 

energy sources, long-term planning and funding and qualified human capacity.

Governments have then adapted different policies to promote and implement 
renewable energies.

RE policies go along legal, institutional and regulatory frameworks, are country- 
specific and inspired from international experiences.

3.2  Typology

Table 4.2 summarises Government interventions for RE development, where each 
type is divided into different forms alongside the energy supply chain.

4  Energy Subsidies Reforms

Abolishing ES might be complex and difficult because of their entrenchment in 
institutional barriers and lock-in mechanisms. Indeed, they generally entail eco-
nomic rents for industrials and certain consumer classes who are the prime benefi-
ciaries, offer incentives and make political actions.

4 Impacts of Electricity Subsidies Policy on Energy Transition
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4.1  Benefits and Challenges of Reforms

During the last years, ES reform received much attention internationally especially 
with the financial and economic crises. Many Governments believe that phasing out 
ES would be highly beneficial for their budgets. This occurs exclusively when sub-
sidies are not really serving the objectives that they have been implemented for and 
causing economic, financial and environmental damages (Sovacool 2017; Sdralevich 
et al. 2014; UNEP-DTIE 2008).

With the continuous interest in green growth strategy, both developed and devel-
oping economies subsidising energy goods have been concerned with the reform of 
their energy subsidies. In the view of reducing GHG emissions and initiating green 
development, Governments have to examine environmentally harmful subsidies 
(EHS). The success of a reform is dependent on the implication of the Government, 
stakeholders and society. Analysts have identified the benefits and challenges of ES 
reform through research studies in (Von Moltke et al. 2004; Lin and Jiang 2011; 
Sdralevich et al. 2014).

On the one hand, the transformation of subsidies could result in:

• Reducing the intensive use of resources and thus polluting less;
• Increasing competitiveness by supporting other sectors;
• Making polluters pay for their pollution;
• Overcoming technological lock-in;
• Improving the cost-effectiveness of financial mechanisms by re-allocating budget.

On the other hand, people behaviours have become dependent on subsidies 
mechanisms1 since goods and services are at low prices. Reforming ES would have 
to deal with the income distribution and social acceptance.

ES reform faces numerous challenges whether economic, institutional or politi-
cal; known that in most cases the main barrier is not economic but rather political.

The lack of political will to reform subsidies could occur. This is due to the 
strong special interests and rent seeking behaviours. And then, it makes ES benefits 
concentrated in a small group not presenting the whole population, while the costs 
are spread within the population. Politicians fear the change and social disruption, 
which was the case in India, Iran, Malaysia and Nigeria. The increase in energy 
prices engendered an increase in related goods and even people losing their jobs.

Institutional constraints are due to either the institution benefits from ES or the 
lack of vision. ES mechanisms are highly connected with other financial policies 
entailing holistic transformation of the economy and finance of a country. 
Worthwhile, the lack of transparency, information and data represents a major bar-
rier (Sdralevich et al. 2014).

1 For e.g. low subsidised fuel prices, in Middle Eastern countries, have resulted in the increase of 
car purchases and utilisation.
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Eliminating ES without a clear planning will lead to a decline in households’ 
welfare due to the increase of energy, related goods and services prices. Furthermore, 
eliminating ES has different generated effects in the short and long runs, as follow:

• ES reform considerations in the short-run: In the case of an augmentation of 
prices, the poor classes won’t be able to pay for basic needs such as food. This 
situation was not captured during the modelling made by OECD in (IEA, World 
Bank, OPEC, and OECD 2010) using a Computable General Equilibrium (CGE) 
model. Contrary, OECD found income gains. Moreover, the removal of ES can 
also affect industrial competitiveness because the price of energy as input will 
rise. Furthermore, effects on profit margins engender an inability to secure find-
ing and to plan for long-term, especially the case for industries with high energy 
intensity and competition. In addition, the removal of ES decreases demand, 
which affects as well employment. However, impacts on Government budget are 
seen annually impacting positively budget deficits.

• ES reform considerations in the long-run: The reform might lead to an improve-
ment of the economy’s growth, deflation of energy prices. This situation could be 
reached if during the medium term there isn’t any increase in workers’ wages 
and the increase in prices is rather seen as an augmentation of taxes indirectly 
(Sovacool 2017; IEA, World Bank, OPEC, and OECD 2010). The removal 
impacts as well the environment, since energy will be used more efficiently gen-
erating a decrease in GHG emissions and pollution in general. However, there is 
a high risk of failure of the reform on the long-run because of poor management 
of saved Government interventions.

4.2  Benchmarking of Reform Methodologies

4.2.1  International Monetary Fund Method

Based on the IMF research and case studies (Von Moltke et al. 2004; IMF 2013; 
Been 2013) about reforming ES in numerous developed and developing countries, 
a successful reform could be divided into two main parts:

• Identification of barriers to reform;
• Design of a reform strategy.

Identification of Barriers to Reform The barriers encountered to reform ES is 
country-specific. However, there are some common obstacles in most of the cases 
that decision makers should take into consideration. These obstacles are primarily 
related to social opposition (Fattouh and El-Katiri 2013), due to:

• The lack of information to the public renders the population unaware of the size 
of fiscal costs that the Government is covering and counter-effects of subsidies 
on poverty;

4 Impacts of Electricity Subsidies Policy on Energy Transition
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• The lack of Government credibility and transparency because of corruption 
make people opposed to the reform since they ignore and are suspicious on how 
the savings from ES reform will be spent;

• The short-run social impact on low income classes will increase their poverty 
due to the increase of fuel prices;

• The periods of low economic growth and unstable prices favour oppositions. 
Therefore, decision makers should consider the timing of reform to be able to 
recompense the increase in prices, e.g. reforming ES when rising household 
incomes.

In an economic perspective, the Government should be aware while reforming 
ES of fuel inflation effects in the short-run, international volatile oil prices and 
energy-intensive sectors suffering from a loss of competitiveness.

Finally, except population’s resistance to the increase in energy prices, there are 
oppositions from interest groups such as politically vocal groups, labour unions, 
middle/upper class, losers from the reforms such as State-Owned Enterprises in the 
energy sector or exporters (Painuly 2001).

Design of a Reform Strategy In order to overcome the barriers mentioned above 
and to successfully implement a reform of ES, IMF has developed a list of key 
ingredients that decision makers should follow to trace a clear strategy for the short 
and long-runs described in (IMF 2013). To summarise, setting up a price mecha-
nism requires four main steps (De Broeck and Kpodar 2014):

 (i) Relating the retail price to import costs, distribution costs and taxes;
 (ii) Specifying the time step to update prices;
 (iii) Establishing a price smoothing mechanism as a periodic lagged rate of price 

increase;
 (iv) Specifying the smoothing mechanism and creating an authority in charge.

4.2.2  Organisation for Economic Cooperation and Development 
and World Bank Methods

Both the Organisation for Economic Cooperation and Development (OECD) and 
the World Bank (WB) have developed various tools, for instance quick-scan and 
adapted models, to estimate the impact of subsidies removal on the economic and 
environmental levels. Commonly, they relied on decision trees (OECD 2013). 
Decision trees are support tools that use a tree-like graph for decisions. They iden-
tify the possible consequences of decisions through providing analytical frame-
works to understand the effectiveness of a subsidy scheme. They do not measure the 
subsidy’s scale or impacts of removal on political and economic spheres. We could 
find OECD checklist, OECD integrated assessment framework and World Bank 
checklist, as quick-scan methods. Within checklists, each answer launches a chain 
of continuous consequences until a final decision is reached.

A. Dhakouani et al.
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Conversely, models, such as OECD ENV-linkages, are used to assess and quan-
tify the effects of ES on environmental, economic and social spheres. They follow 
either an economic or econometric vision and have been developed on a local, 
regional or global scale. They point out the combination of demand and supply 
elasticities and energy prices (Château et al. 2014).

For this matter while analysing electricity subsidies, Sect. 5 touched upon Energy 
Systems Models (ESM) as a tool of analysing and forecasting energy mechanisms 
based on a holistic approach considering economic, econometric and technological 
perspectives.

5  Case Study: Electricity Subsidies in Tunisia

The Government has been since the 1960s supporting the industrial sector and 
assuring an affordable access to the energy for the Nation. The Government inter-
vention is practiced through the fixed pricing policy assuring acceptable economic 
and social standards. However, in the twenty-first century the country has known an 
energy deficit due to the decline of national fossil resources and the incremental 
increase of demand. This deficit has affected the financial situation and caused a 
budget deficit (Dhakouani et al. 2017).

Precisely, electricity in Tunisia is produced at 97% by natural gas (NG) in 2017; 
and most of NG demand is reflected through electricity consumption. Roughly 
speaking, over 50% of electricity costs is subsidised for different end-users. 
Following the engagement of Tunisia to the COP21  in 2015 for climate change 
reduction, the Government launched a new strategy to assure a sustainable energy 
transition. Amongst major axes, the integration of renewable energies for the pro-
duction of electricity is reflected through the national plan intending to reach 30% 
of Renewable Energy Sources (RES) in 2030 in the electricity mix. Other climate 
change engagements consist on decreasing carbon intensity by 41% comparing with 
the rates in 2010 and decreasing primary energy demand by 30% in comparison 
with the actual trend scenario. However, the financial situation plays a major role in 
postponing renewable projects implementation due to their high costs and the lack 
of financial resources (Dhakouani 2018).

A reform of the pricing mechanism of energy and specifically electricity could 
be of practical value in light of minimising the energy budget deficit. This reform 
should also target the maximisation of renewable energies integration. Nevertheless, 
the investment cost of renewable technologies is not competitive comparing to con-
ventional technologies. On the one hand, costs could be treated with a long-term 
cost-based optimisation of the supply, which appeals technologies competitiveness. 
On the other hand, electricity pricing—subsidies—could be treated following one 
of the reform methodologies introduced in Sect. 4.

Analysing the case study of the Tunisian power system entails the follow-
ing steps:
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 (i) Identification of electricity system subsidies in Tunisia;
 (ii) Description of undesirable subsidies effects;
 (iii) Measurement of subsidies;
 (iv) Identification of the reform methodology;
 (v) Optimisation of electricity costs produced;
 (vi) Integration of the smoothing mechanism and reshaping electricity demand;
 (vii) Reconfiguration of technologies competitiveness.

5.1  Applicable Definition

In the field of electricity, subsidies target principally the consumer since the market 
follows a vertical integrated monopoly. However, the objectives of subsidising 
power system components differ:

• Electricity subsidies have been introduced to offer to end-users lower prices than 
supply costs. These subsidies are the most important, proportional to the con-
sumption of electricity and are variable.

• Electrification subsidies is introduced to all end-users. These subsidies are at 
fixed prices.

• Electricity produced by RES is subsidised since 2010, through a national pro-
gramme targeting self-production regime using solar roofs, on investment.

Referring to definitions in Box 4.1, IMF definition is the most applicable to the 
case of Tunisia. It allows capturing consumer-based subsidies in function of elec-
tricity consumption, which is the predominant part in electricity subsidies.

5.2  Types of Electricity Subsidies in Tunisia

Taking into consideration the typology introduced in Sect. 1, Table  4.3 exhibits 
power system subsidies in Tunisia.

In regard to RE subsidies, Fig. 4.1 shows the different Government interventions 
(Tunisian Parliament 2015, 2016, 2017).

5.3  Measurement: Relating Costs to Prices

Measurement of electricity subsidies in Tunisia is assessed referring to Sect. 2.3. 
Firstly, ERA cannot be applied since it considers local price direct and indirect 
effects. This involves other related sectors than electricity which are out of the scope 
of this work. A part, the intensiveness of data could increase error rates and impact 
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insights. Secondly, even though CSE focuses on consumption and end-uses subsi-
dies which are the predominant in the case of Tunisia, the direct financial payments 
to consumers are not applicable. Thirdly, P-T approach does not quantify subsidies 
but rather measures their magnitude. In regard to the price gap approach, this 
method captures principally the support for end-users based on the LCOE as a refer-
ence price. In addition, the availability of data and its extensiveness represent a 
major feature for its application in Tunisia.

Considering an integration of 30% RES by 2030  in the electricity production 
would be processed through a cost-based modelling— LCOE.  The price-gap 
approach allows then relating electricity subsidies to supply costs through supply 
shares, demand and prices. Moreover, using the price-gap approach will allow 
quantifying subsidies related to consumption.

Table 4.3 Government interventions in the Tunisian power system

Government 
interventions Case schemes Effects on prices

Tax expenditures Electricity produced by the state-owner enterprise 
Société Tunisienne de l’Electricité et du Gaz 
(STEG) either from conventional or renewable 
technologies, and distributed for final 
consumption.

Lower 
consumer’s price

Government revenue 
foregone

Government allows using land by STEG or 
independent power producer (IPP) for the 
implementation of power plants.

Lower 
production’s cost

The contract between STEG and IPP is regulated 
considering the notion of depletable assets

Regulation of the energy 
sector

Price control of electricity Lower price to 
consumers

Market-access restrictions and preferential 
planning consent

–

Energy-related services 
provided by Government 
at less than full cost

Direct investment energy infrastructure: 
Transmission and distribution of the grid

Lower 
production’s cost

Collaboration with internal resources in public 
institutions instead of a full dependency on 
private consulting firms

Lower 
production’s cost

Failure to impose 
external costs

Even though emissions are regulated and the 
excess is penalised, the Government is not 
applying environmental externality costs.

Lower 
consumer’s price

The Government by almost fixing electricity 
prices is handling price volatility costs.

Lower 
consumer’s price

Transfer of risk to 
Government

The Government assumes a part of risks instead 
of IPPs, for e.g. exchange rate risks

Lower 
production’s cost
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5.4  Reforming Electricity System Subsidies

In order to identify subsidies requiring a reform, it is essential to study the different 
effects engendered by subsidies. Following, Table 4.4 depicts the negative effects of 
electricity subsidies. RE subsidies are very limited compared to conventional elec-
tricity subsidies; then they are not included. Moreover, electrification subsidies have 
allowed reaching high rates of access to electricity above 99% in rural and urban 
areas by 2017, and have reached the objective that have been implemented for: 
access to electricity (Société tunisienne de l’électricité et du gaz).

In regard to the identification of the most suitable methodology for the reform of 
electricity subsidies, this Chapter considers the IMF methodology as the most 
appropriate since it is based on the price-gap approach. Integrated with other meth-
odologies, it allows treating different issues related to renewable energies integra-
tion in Tunisia, such as linking supply cost with energy subsidies. Indeed, the price 
gap-approach and the related method of reform could be modelled using an econo-
metric model or integrated in a cost-based model to offering partial equilibrium 
features.

Per contra, OECD checklist targets only environmentally harmful energy subsi-
dies. It is noticeable in Table 4.4 that undesirable economic effects are the main 
ones. In addition, OECD integrated assessment framework is a qualitative method 

Fig. 4.1 RE subsidies in Tunisia
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and focuses on the linkages of energy and other sectors. Considering that the scope 
of this work is the electricity system, this method wont’ satisfy the objectives to 
reach. In regard to the World Bank checklist, this method is based on a cost- 
effectiveness analysis and comparison of alternatives which is out of the scope of 
this work. Finally, with respect to developed models treating energy subsidies, the 
choice of the model depends on other technical, economic and regulatory criteria to 
assure a high integration of renewable energies too.

5.5  Hybrid Modelling of the Power System

The developed countries have been using Energy Systems Modeling (ESM) (Kern 
and Smith 2008) since the 1950s for energy transitions. This has led to a high num-
ber of approaches and types. The different types of analyses which were primarily 
developed target the supply side of an energy system, where the objective was to 
meet a given exogenous energy demand (Bhattacharyya 2011). Due to the oil crisis 
in the 1970s, demand side energy systems analyses have appeared and have kept 
evolving through years, leading to forecasting approaches, and later on translated to 
top-down models. Meanwhile, supply-oriented focus has kept evolving and has led 
to integrated bottom-up models which are technologically oriented to identify the 
needed investments or to operate short-term solutions (Hoffman and Jorgenson 
1977; Hoffman and Wood 1976). Lastly, hybrid models, i.e. a combination of bot-
tom- up and top-down models, have resulted in better insights for decision makers 
(Gargiulo and Gallachóir 2013; Bhattacharyya and Timilsina 2009). Considering 

Table 4.4 Undesirable effects of electricity subsidies in Tunisia

Types Effects

Economic Augmentation in electricity and NG utilisation;
Energy balance deficit;
Deficit in energy Government budget;
Decrease in tax revenues due to international prices 
fluctuations;
Augmentation of NG imports and decrease of energy 
security;
Reduction in incentives designated to more efficient energy;
Decrease of investments in economically more attractive 
technologies;
Decrease in STEG profits and debt ratio;
Decrease of public infrastructure investment.

Social High consumers benefitting most;
Economic activities benefitting;
Low income classes not affording subsidised prices.

Environmental Augmentation of emissions and pollution;
Decrease of opportunity to access to green funds.
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the review articles on ESM such as (Urban et al. 2007), the choice of the appropriate 
modelling framework is identified from the context and the challenges depicted in 
major developing countries. In fact, it has been proven that the problem of optimally 
designing the electricity system in such a way as to match the demand with avail-
able resources and supply technologies can be solved by a bottom-up optimisation 
modelling framework. Given the easy access to the source code, the different devel-
oped versions, and the accessibility to manuals, the advanced version of Open 
Source energy MOdelling SYStem (OSeMOSYS) has been chosen to model the 
power system (Dhakouani et al. 2017; Howells et al. 2011). OSeMOSYS is origi-
nally a bottom-up, dynamic and linear optimisation model applied to the integrated 
assessment and energy planning.

5.5.1  Advanced Version of “OSeMOSYS”

Long-Term Optimisation of Electricity Supply OSeMOSYS aims to determine 
the lowest net present cost of an energy system to meet given demands and con-
straints. The original code of OSeMOSYS consists of several blocks of functional-
ity, computing balances for costs, storage, capacity adequacy, energy balances and 
emissions. Recent works added blocks of functionality for reserve capacity dispatch 
and costs of flexible operation, in order to refine the analysis of short-term implica-
tions due to the penetration of intermittent RES (Welsch et al. 2015; Gardumi 2016).

Long-Term Simulation of Electricity Demand In order to present insights and to 
analyse the impacts of electricity end-users subsidies on the integration of renew-
able energies in the electricity mix, the integrated functionality block in the core 
code of OSeMOSYS related to electricity demand is appealed. The variation of 
prices using an automated smoothing mechanism impacts the evolution of demand. 
Thus, this version allows analysing the impact of subsidies on the demand and on 
the supply sides.

In regard to electricity demand modelling, the advanced version of OSeMOSYS 
relied on two approaches, i.e. decomposition and econometric.

Econometric Approach

The econometric approach allows connecting the demand to prices. It is a standard 
quantitative approach for economic analysis that establishes a relationship between 
the dependent variables (prices) and independent variables (income or economic 
growth rates) by static or dynamic analysis of historical data (Ryan and Plourde 
2009; Bhattacharyya and Timilsina 2010; Momani 2013). The log-linear form of 
econometric specifications provides imbedded estimation of price and income elas-
ticities and is better suited to energy demand than a simple linear specification 
(Bhattacharyya 2011). The advanced version of OSeMOSYS relies on the dynamic 
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log-linear equation of energy demand in function of prices and income/ economic 
growth rates variables, developed by Cobb Douglas function in Eq. 4.6. The double- 
log regression model is a standard approach in the energy consumption studies 
(Madlener et al. 2011; Zaman et al. 2015).

Considering a time period of 1 year, demand block of OSeMOSYS stands on 
Eq. 4.6:

 lnDy Py lnDy= + ∗ + ∗ + ∗ −ln ln lna b GDPy c d 1  (4.6)

Where:

• y: year
• GDPy/GNIy: gross domestic production per capita or gross national income per 

capita during the year y
• Dy: energy demand during the year y; Dy-1: energy demand during the pre-

vious year
• Py: price of the energy during the year y
• a: scaling factor
• b: short-term GDP or GNI elasticity
• c: short-term price elasticity
• d: lagged-demand coefficient

The embedded prediction of prices during a year is processed using IMF method 
(Kaltenbacher et al. 2008) and presented in Eq. 4.7:

 
ln lnPy = −( )∗ +( ) +y yo s lnPy1 0  

(4.7)

Where:

• y0: the start-up year of modelling;
• Py0: the price in the start-up year;
• Py: the price in the year y; and Py-1: the price in the previous y;
• s: the smoothing band. It is the percentage of subsidies decrease.

Decomposition Approach

The repartition of electricity demand by sector is appealed since subsidies differ by 
end-users. Moreover, demand types are differently sensitive to the smoothing band; 
depending on their elasticities to prices. The disaggregation follows Eq. 4.8:

 

Total demand lowvoltageresidential demand

High medium lowvol

=
+ + + ttages industry demand

High medium lowvoltages services de

( )
+ + +( ) mmand

High medium lowvoltages agriculturedemand+ + +( )  

(4.8)
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Where:

• Low voltage residential demand: residential electricity demand. Generally resi-
dential demand is associated to low voltage power.

• High, medium and low voltages industry demand: electricity demand by voltage 
type in the industry sector

• High, medium and low voltages services demand: electricity demand by voltage 
type in the service sector

• High, medium and low voltages agriculture demand: electricity demand by volt-
age type in the agriculture sector

The short-run price and income elasticities, the coefficients of the regression, the 
scaling factor (intercept), logarithmic GDP or GNI per capita factor, logarithmic 
price factor, and logarithmic lagged demand factor are obtained from 
(Dhakouani 2018).

5.5.2  Main Input Data

Main input data of the model, not scenario dependent, are from (Dhakouani et al. 
2017; Dhakouani 2018) and are summarised in Table 4.5. These parameters cover 
technical, economic and environmental characteristics of modelled technologies. 
The principal characteristics of considered scenarios are taken from (Dhakouani 
et al. 2017) and are related to the energy transition objectives, where the Business 
As Usual (BAU) scenario and RE scenario target respectively 5% and 30% of RES 
penetration by 2030 in the electricity mix. The rate of 5% of RES represents the 
natural technological integration. The 30% of RES represents the national objective 
of energy transition. The time horizon of modelling is from 2010 to 2030.

5.6  Electricity Subsidies vs. RES Penetration

In order to promote sustainable development and RE penetration in the power sys-
tem, this modelling proposes to replace eliminated variable consumer (end-users) 
subsidies by production subsidies. As demonstrated in Sect. 4, production subsidies 
are more beneficial than consumer subsidies since they are targeted, on-budget and 
explicit. Moreover, these subsidies aid the industry development. To align with the 
energy transition, production subsidies will be targeted to promote sustainable and 
renewable technologies investments.

The injection of eliminated electricity subsidies on renewable technologies 
investments will lower investment costs of renewable technologies. Since LCOE 
from RES is primarily impacted by investment costs, subsidising renewable tech-
nologies will render these technologies more competitive. The injection reflects an 
incentive mechanism to promote RES penetration.

A. Dhakouani et al.
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Based on literature, the applicable smoothing mechanism bands in the energy 
sector and specifically electricity are 3%, 5% or 7% (IMF 2013; Sdralevich et al. 
2014; Hanieh 2015). It has been demonstrated that greater smoothing mechanism 
values could generate a deterioration of the demand.

Due to the sensitivity of residential electricity demand to prices in Tunisia, the 
increase in prices through the application of above mentioned rates could lead to a 
deterioration of the demand — applied without any direct incentives to consumers. 
Based on research works elaborated in (Dhakouani 2018), a smoothing mechanism 
band for the residential sector of 0.24% annually will be applied. It has been dem-
onstrated that this band allows a healthy growth of residential electricity demand. A 
smoothing mechanism band of 3% annually will be applied to the economic sectors, 
i.e. services, agriculture and industry, since they are less elastic to prices. Actually, 
economic sectors are more sensitive to GDP. Applying a 7% smoothing band to 
economic activities sectors has already resulted to an ill-conditioning and instability 
of the model. Moreover, eliminated energy subsidies in case of 5% smoothing band 
has much increased renewable technologies investments above 70% which is illogic 
for the considered time horizon.

Then, the injection of eliminated subsidies followed these hypotheses:

• A smoothing mechanism of 0.24% for residential sector;
• A smoothing mechanism of 3% for economic activities sectors.

Simulations included the application of hypotheses to:

• BAU scenario;
• RE scenario;
• No scenario: The power system without any scenario targeting a RES penetration 

rate. In other words, the constraint of achieving a certain rate of RES penetration 
was released and technologies were freely competing.

The results of simulations of the Tunisian power system, using the advanced ver-
sion of OSeMOSYS, point out the impact of injection and are summarised in 
Figs. 4.2 and 4.3. Presented results are supply oriented showing the capacity shares 
evolution from 2010 to 2030 of the power system and the electricity mix in 2030.

As displayed in Fig. 4.2, the evolution of demand installed capacities is varying 
in the BAU, RE and No scenarios, achieving respectively by 2030, 8 GW, 11 GW 
and 12 GW.

The BAU scenario is characterised with high rates of conventional technologies 
because of the constraint limiting RES penetration to 5% even though renewable 
technologies are subsidised. Referring to Table 4.6, the BAU scenario achieved a 
total discount cost for the whole time horizon of 12.58 billion USD. In fact with 
subsidised investments of RE technologies, the limit of 5% of RES penetration rep-
resents a constraint that higher costs.

The low rate of total installed capacities is due to the elevated capacities of 
invested conventional technologies, their high availability factors and efficiency 
rates, referring to Table 4.5. By 2030, electricity demand would be satisfied at 70% 
from combined cycle (CCGT) because of its high efficiency as shown in Fig. 4.3a. 

A. Dhakouani et al.
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Gaz Turbines (OCGT) are primarily used to respond to the demand variation. 
Pumping Storage Hydro (PSH) represents 11% of electricity generation in 2030 
since it allows responding to load changes by smoothing the load curve. PSH has 
originally a high investment cost, subsidising such investment would higher its 
chances to be more competitive independently from RES penetration.

In Fig. 4.2b, OCGT are more installed than CCGT even though their efficiency 
is lower. This is explained by their short-term characteristics — ramping character-
istics as displayed in Table 4.5. OCGT are able to respond to quick variation either 
caused by the RES intermittency, especially wind participating at 18% in 2030, or 
the load curve variation. The highest share amongst renewable technologies is 
Centralised Photovoltaic because of the matching between generation production 
and the daily demand profile, where the summer peak is the most important in 
Tunisia. The integration of RES has led to a higher utilisation of PSH installed 
capacities than in the BAU scenario, as exposed in Fig. 4.3b. Where PSH is appealed 
to respond to RES intermittency and load curve changes. The RE scenario even 
though had 3 GW higher installed capacity, the subsidised capital costs of renew-
able technologies allowed decreasing the total discounted costs, reaching thus 12.53 
billion USD. By 2030, primarily renewable electricity will be composed of 18% 
wind energy and 11% from Centralised PV.

The released scenario has led to high rates of renewable installed capacities by 
2030 as shown in Fig. 4.2c. This is due to not constraining RES penetration and 
subsidising related investments. In fact, the model resulted in high investments in 
RE technologies, around 6 GW since they are becoming more competitive. However, 
due to their intermittency, the model should assure back-up conventional technolo-
gies for power system flexibility. Therefore, rates of 25% and 19% of the electricity 
mix were satisfied respectively by CCGTs and OCGTs in 2030 as displayed in 
Fig. 4.3c. By 2030, 50% of the electricity demand is satisfied by renewable tech-
nologies. It is noticeable that CSP by the end of the modelled period is invested, 
differently from the BAU and RE scenarios. Due to its flexibility in comparison with 
other renewable technologies, it will participate with 3% to electricity demand sat-
isfaction. The integration of CSP has impacted PSH investment and utilisation, fall-
ing down to 350  MW in 2030. Subsidising RE investments without imposing a 
long-term objective to achieve allowed decreasing costs to 12.42 billion USD from 
2010 till 2030.

In regard to the BAU and RE scenarios crossed with smoothing bands hypothe-
ses, from 2010 to 2030 simulations have resulted respectively in 2.13 kton CO2 and 
1.92 kton CO2. Accumulated NOx passed respectively from 9.45 ton to 8.38 ton. It 
is remarkable that the RES penetration has impacted the decrease of NOx emissions 
more than CO2 emissions. This is due to the types of conventional technologies 
invested to respond to RES intermittency, i.e. OCGTs, and PSH— see Table 4.5. 
The lowest levels of emissions registered correspond to 50% of RES penetration, 
1.77 kton CO2 and 7.68  ton NOx. Independently from the shares of conventional 
technologies types, CO2 and NOx emissions are proportional to the RES penetration 
rates. Referring to the agreements “Intended Nationally Determined Contributions”, 
that the Tunisian Government has signed during the COP21, the RE scenario will 
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Fig. 4.2 Capacity shares evolution (a) BAU scenario; (b) RE scenario; (c) No scenario
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highly contribute to achieving the target of reduction of carbon intensity to 41% 
compared to 2010, alongside changes within industry and transport sectors. It’s 
important to mention that in 2010, Tunisia has reached 0.541 ton equivalent CO2 per 
1000TND expenditure. National efforts and INDC target to achieve 0.320  ton 
equivalent CO2 per 1000TND expenditure by 2030 (Boisgibault 2015). Based on 
the hypothesis of emission penalty (3.3USD/tCO2), the impact on total emissions, 

Fig. 4.3 Electricity mix by 2030 (a) BAU scenario (b) RE scenario (c) No scenario

Table 4.6 Total discounted 
costs – Subsidised RE 
technologies

Cost (billion 
USD 2010)

BAU scenario 12.58
RE scenario 12.53
No scenario 12.42
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total discounted costs and supply shares would have changed in function of emis-
sion penalties. Higher penalties of emissions would definitely increase the chances 
of having a supply share rich in terms of renewable technologies.

Finally, it is important to mention that the number of accumulated direct jobs 
created has reached 9153 if 50% of RES penetration was achieved by 2030. The 
identification of jobs could be simulated using the developed add-on of job creation 
introduced in (Dhakouani et al. 2017).

5.7  Electricity Subsidies Reform Policy

After all, the compound smoothing mechanism, i.e. 0.24% for residential sector and 
3% for economic sectors activities applied to the advanced version of OSeMOSYS 
without imposing a RE objective, has lowered costs by 0.16 billion USD, in com-
parison with the BAU scenario, and allowed an integration of 50% of RES in the 
electricity mix by 2030. Injecting eliminated end-users electricity subsidies for sub-
sidising renewable technologies investments has highly improved the competitive-
ness of renewable technologies. It is important to mention that contrary to 
conventional technologies where the LCOE is primarily impacted by fuel costs, 
generally renewable technologies has a high LCOE due to investment costs. In addi-
tion, subsidising RE technologies has generated a decrease in emissions. The effect 
of applying high penalties on emissions is reciprocal to subsidising RE investments.

The advanced version of OSEMOSYS has allowed presenting hybrid insights on 
the evolution of the power system in Tunisia. The balance of the supply and demand 
is mainly based on the connection between costs and pricing.

In fact, the Government is just targeting and orienting subsidies while i) decreas-
ing end-users electricity subsidies at a rate that won’t impact electricity demand 
evolution and ii) injecting eliminated subsidies into renewable technologies invest-
ments. Subsidies will be direct, for e.g. under the form of a financial contribution for 
producers. Yet, producers are not only limited to the field of renewable energies. 
Producers receiving renewable energies subsidies might be local investors in renew-
able energies projects, manufacturers of renewable technologies components, any 
other industrial willing to integrate renewable technologies to satisfy its needs in 
electricity consumption, or even within households for self-consumption (e.g. solar 
roofs). Through this mechanism, decision makers will avoid non-targeted and indi-
rect electricity subsidies and will assure targeted and direct energy subsidies; 
switching then from harmful to beneficial incentive mechanisms. Moreover, the 
development of this field would eventually have social positive impacts such the 
creation of employment. Additionally, subsidising renewable technologies 
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investments will higher the supply of these technologies because of an increase in 
renewable technologies demand. Referring to the market law, this will cause natu-
rally a further decrease in the market price. When the market achieve a certain matu-
rity, the Government could gradually eliminate even beneficial subsidies oriented to 
renewable technologies. Other long-term benefits that could be observed from this 
reform are the improvement of economic growth and energy security.

Finally, in order to avoid the aftermath of political instability from the switch of 
electricity subsidies, it should be appropriate to (i) identify and settle clear detailed 
objectives of an energy strategy, (ii) clarify public private partnerships to share risks 
and, (iii) assure social acceptance.

6  Conclusions

This chapter focuses on one of the major barriers of the integration of renewable 
energies in numerous developing countries: energy subsidies. Firstly, the literature 
review carried about energy subsidies, i.e. definitions, typology, measurement 
methods and effects, has shown that international organisations that have mostly 
brought this topic on the table. However, the notion of energy subsidies has differed. 
Therefore, different definitions were found which resulted in different typologies 
and methods of measurement. It is noteworthy that the price-gap approach is the 
mostly applied approach to quantify energy subsidies due to its simplicity, data 
extensiveness and relating supply cost to market price and retail prices. In addition, 
a special focus has been given to renewable energies subsidies. Based on the obser-
vation about the deviation of energy subsidies from the objectives that they have 
been settled for, the benefits, challenges and methodologies for reforming harmful 
energy subsidies have been reviewed. Significantly, a holistic approach for model-
ling an energy system taking into consideration the supply and demand would pres-
ent useful insights to decision makers for energy transition. Energy subsidies and 
renewable energies are then introduced in a macro level based on the supply/demand 
equilibria of the power system.

Based on the context characterised by an energy budget deficit due to end-users 
electricity subsidies and an energy strategy targeting 30% of renewable energies by 
2030, while it is currently at 3% (2019), the power system of Tunisia has been con-
sidered as a case study. The overview displays the applicable energy subsidies defi-
nition, the different Government interventions in terms of electricity, electrification 
and RE subsidies. To present insights on the power system reform, the advanced 
version of OSeMOSYS has been used as a tool of an integrated modelling. This 
version is a hybrid model, i.e. bottom-up with ends-users partial equilibrium based 
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on decomposition and econometric approaches. The pricing system follows the 
smoothing mechanism approach developed by IMF to eliminate gradually subsi-
dies. The decomposition approach pointed out separately economic sectors and 
residential sector, and voltage types.

A consideration of a smoothing mechanism of 0.24% for residential sector and 
3% smoothing mechanism annually for economic activities sectors injected in 
renewable technologies investments as direct subsidies allowed achieving naturally 
50% of renewable energies integration by 2030 and decreasing emissions.

Switching from end-users subsidies to production subsidies with a clear planning 
on a long-term perspective allows decisions makers to achieve high RES penetra-
tion, decrease emissions, diminish energy budget deficit and assure a sustainable 
energy transition.
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Chapter 5
ZEMCH Strategic Framework for Low 
Carbon Solutions in Sustainable Housing 
Delivery

Masa Noguchi

Abstract In the light of Sustainable Development Goals acknowledged by the 
United Nations, homes today need to be socially, economically, environmentally 
and humanly sustainable. This diverse sustainable housing production challenge 
necessitates multidisciplinary stakeholders’ effective collaboration on the R&D 
actions. To form the global collaboration platform, the ZEMCH Network was estab-
lished in 2010. ZEMCH is an acronym of Zero Energy Mass Custom Home which 
was conceptualised with the aim to function as a new domain for sustainable hous-
ing development in global contexts. For the purpose of ZEMCH design, production 
and marketing knowledge generation, collection and dissemination, the global net-
work initiated and operated the academic conferences, industry-focused technical 
study tours and the design training workshop. In consequence, several housebuild-
ers and housing manufacturers, who participated in the knowledge transfer activi-
ties, embarked on ZEMCH delivery in their local contexts. This chapter crystallised 
ZEMCH strategic framework for low carbon solutions in sustainable housing deliv-
ery through reviewing the design, production and marketing innovations applied to 
ZEMCH practices selected in Japan, Canada and Scotland.
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1  Introduction: ZEMCH Concept 
and Research Advancement

Dated back to 1987, “Sustainable Development” concept was first advocated by the 
World Commission on Environment and Development and it described the challenge 
as “a process of change in which the exploitation of resources, the direction of invest-
ments, the orientation of technological development, and institutional change are all 
in harmony and enhance both current and future potential to meet needs and aspira-
tions” (WCED 1987). In 1992, this view was given additional impetus at the United 
Nations Conference on Environment and Development (or the Earth Summit) held in 
Rio de Janeiro where an initial international treaty on environment was produced. 
Nonetheless, this had neither a limit on greenhouse gas emissions nor legal enforce-
ment provisions for individual nations. In 1997, the context of the Kyoto Protocol to 
the United Nations Framework Convention on Climate Change was adopted eventu-
ally at the 3rd Conference of the Parties held in Kyoto, Japan. As of April 2008, 178 
states signed and ratified the Protocol. In consequence, most industrialised nations 
and some central European countries agreed to legally binding the reductions of 
greenhouse gas emissions of an average of 6–8% below 1990 levels between the 
years 2008 and 2012. In response to growing global warming issues and the constant 
increase of energy prices, housebuilders and housing manufacturers today are 
becoming more aware of the necessity for the delivery of zero energy and carbon 
dioxide (CO2) emission sustainable homes than ever. Within this context, the sustain-
ability may also embrace housing economy and adequacy beyond the legitimacy in 
which the quality barely coincides with individuals’ dynamic various needs, desires 
and expectations. With due consideration of the United Nations’ acknowledged 17 
“Sustainable Development Goals”, homes today need to be socially, economically, 
environmentally and humanly sustainable (United Nations 2019).

Housing needs and demands are dynamic having been changed in the course of 
time. The shifts in socio-demographics may be escalated by the emergence of non- 
traditional households and influence housing configurations and performances. Thus, 
homes today need to be customisable in a way to embrace the human and social 
sustainability in the built environment where users’ individual requirements, desires 
and expectations are well accommodated. In the light of “fuel poverty” issues arising 
in various countries in which the drastic hike of energy cost is a serious concern, the 
notion of housing affordability may be reviewed to encompass both initial and oper-
ating costs over the lifespan (Boardman 1991). To secure the economic sustainability 
that impacts on individuals’ financial capacity for daily activities, homes need to be 
affordable essentially. Affected by local climatic and living conditions, the amount of 
energy consumption in housing differs from one house to another, yet normally, it is 
transformed into CO2 emission that contributes to global warming before and after 
the occupancy. Housing is indeed a system of energy and environment and in consid-
eration of environmental sustainability, it needs to be designed in a way to reduce or 
eliminate CO2 emission over the lifespan. The advancement of carbon neutral (or 
zero energy) homes is in need. Nevertheless, the construction industry’s business 
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operation tends to follow routines and the close system mode often hinders enter-
prises from adopting unfamiliar building innovations. In theory, homebuilders and 
housing manufactures are sensitive to societal needs and demands, yet in practice, 
traditional builders generally tend to follow routines in their way of doing business 
and cut down information search for determining whether to adapt unfamiliar design 
challenges, and innovative building materials and systems (Roberts 1970; Noguchi 
2008a). Then, a question arises: how can the conventional practices of housebuilders 
and housing manufacturers be shifted in a way to adopt a new business operation 
required for the delivery of socially, economically, environmentally and humaly sus-
tainable homes, whose design, production and marketing approaches may not be 
akin to those to which they are accustomed?

With due consideration of housing sustainability needs and demands applicable 
to both developed and developing countries, a “Zero Energy Mass Custom Home” 
or “ZEMCH” concept emerged, and the advanced sustainable design and lean con-
struction approaches have been studied and practiced globally – the distinctive fea-
tures and strategies are articulated in a book entitled “ZEMCH: Toward the Delivery 
of Zero Energy Mass Custom Homes” and edited by the author of this chapter 
(Noguchi 2016). In order to crystallise a wide spectrum of hopes and fears around 
the design, production and marketing approaches to the ZEMCH delivery in global 
contexts, an international multidisciplinary collaboration volunteer group called 
“ZEMCH Network” was formed in 2010. Today, the ZEMCH Network consists of 
over 750 partners from academia, industry and government based in nearly 45 
nations and the number of participants in the collaboration activities is constantly on 
the rise. Originally, the ZEMCH Network was established by a group of academics, 
who participated in the 2010 industry-academia knowledge transfer technical visits 
to the production and sales facilities of low/zero energy mass customised housing 
manufacturers in Japan. The technical tour, later called “Zero-energy Mass Custom 
Home Mission to Japan” (or simply “ZEMCH Mission to Japan”), dates to the 2006 
operation and it celebrates the 10th operational anniversary in 2018 (Noguchi 
2011a). Moreover, in 2012, for the purpose of technical knowledge assortment, the 
ZEMCH International Conference was also launched in Glasgow, Scotland. 
Subsequently, it was held in 2013 (Miami, US), 2014 (Londrina, Brazil), 2015 
(Lecce, Italy), 2016 (Kuala Lumpur, Malaysia) and 2018 (Melbourne, Australia). 
The ZEMCH 2019 International Conference is currently organised in Seoul, South 
Korea. In practice, ZEMCH production may hardly be realised without the complex 
interdisciplinary design engineering process. In order to simulate the sustainable 
design thinking experience and training, the “ZEMCH Workshop” was formed in 
2014 and experimented at the State University of Londrina in Brazil (ZEMCH 
Network 2019). To date, the ZEMCH Workshop was run at the University of Sao 
Paulo (Brazil) in 2015, University of Melbourne (Australia) from 2016 to 2019 and 
the University of Bio Bio (Chile) in 2019. Linking it to the 2019 conference opera-
tion, South Korea is currently organising the ZEMCH Workshop to be held in Seoul.

In view of ZEMCH Network’s pedagogical attempts and research advancement 
in global contexts, the following sections will recapitulate some design, production 
and marketing innovations studied and/or experimented through the mission, con-
ference and workshop operations carried out to date.
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2  ZEMCH Design, Production and Marketing Innovations

In Japan, a total of 942,370 new houses were built in 2018 and amongst them, 131,496 
homes, or 14%, were estimated to be industrialised prefabricated homes (JPA 2019). 
Japanese housing manufacturers are advancing the massive supply of zero energy mass 
custom homes (ZEMCHs) today. To provide international housing research academics, 
government authorities, housebuilders and housing manufacturers in global contexts 
with opportunities to scrutinise Japan’s ZEMCH design, production and marketing 
innovations, a technical study visit to the prefabricators’ production and sales facilities 
(i.e. ZEMCH Mission to Japan) was initiated in 2006. In 2005, CANMET Energy 
Technology Centre (called “CanmetENERGY” today)—Varennes, Natural Resources 
Canada, appointed the author of this chapter and Professor Roger-Bruno Richard at the 
University of Montreal for the organisation of this technical study visit to Japan, which 
was then called “Japan Solar Photovoltaic Manufactured Housing Technical Mission 
2006” (Noguchi 2011a). The knowledge transfer educational event was held from 20th 
to 23rd February, 2006, with the aim to provide Canadian homebuilders, housing man-
ufacturers, building component suppliers, architects, academics and government offi-
cers with opportunities to explore not only the state-of-the-art production facilities of 
the then four leading net zero energy cost housing manufacturers in Japan, i.e., Sekisui 
Chemical Co. Ltd., Misawa Homes Co. Ltd., PanaHome Corp., and SANYO Homes 
Corp., but also a sales centre that displays a variety of Japanese manufacturers’ housing 
prototypes (Richard and Noguchi 2006). Based on this experience, from 3rd to 5th 
September 2007, the educational event was reorganised by MEARU, Mackintosh 
School of Architecture, The Glasgow School of Art, in collaboration with the Centre 
for the Built Environment in the UK.  Then it was renamed to “Zero- carbon Mass 
Custom Home Mission to Japan” and added a visit to Sekisui House Ltd. which had 
been committed to the development of a zero carbon emission house for the purpose of 
the G8 Hokkaido Toyako Summit exhibition that was expected to be held in the follow-
ing year. In 2008, the title was again changed to “Zero-energy Mass Custom Home 
Mission to Japan” and was held from 10th to 12th September (Noguchi 2011a). 
Subsequently, to date, the ZEMCH Mission to Japan was organised almost annually.

All Japanese housing prefabricators visited and studied through the ZEMCH 
Mission to Japan operated to date have been practising a systematic way of mass- 
customising low/zero energy homes through their value-centric production and 
marketing approaches (or strategies). The following sections firstly recap the prin-
ciples of a mass custom design approach and secondly, some zero energy home 
design features will be explored to shape fundamental techniques applicable to the 
ZEMCH delivery in developed and developing countries.

2.1  Mass Custom Home Design

Housing is composed of several parts and components that can be standardised. The 
choice of the housing design elements needs to be made carefully with due consid-
eration of the project’s initial and operational cost, quality, and time and the 

M. Noguchi



103

decision in turn affects the amount of future CO2 emission that contributes to global 
warming. “Mass Customization” is an oxymoron since the term is composed of two 
opposite notions: mass production and customisation (Pine II 1992). This notion 
was anticipated by Alvin Toffler (1970) in his book entitled “Future Shock” and the 
term was eventually coined by Stanley M. Davis (1987) in his book entitled “Future 
Perfect.” This paradoxical concept has been recognised as a means that helps to 
enhance efficiency in production and communication and to secure design custom-
isability through economies of scope rather than economies of scale. Profoundly, 
Joseph B.  Pine II (1992) systematised the general methods of mass-customising 
products and services in his book entitled “Mass Customization: The New Frontier 
in Business Competition.” Frank T. Piller and Mitchell M. Tseng (2009) edited a 
“Handbook of Research in Mass Customization and Personalization” and compiled 
the research and development (R&D) activities and outputs delivered by a variety of 
industries across the globe. The handbook also includes a comprehensive universal 
design system approach to delivering “mass custom homes” (Noguchi 2001) and it 
stresses the significance of modularising house-building components. The total 
number of possible ordered pairs (or combination) of given standard housing com-
ponents can be quantified (Noguchi and Friedman 2002). In the approach, the mass 
customisation (MC) has been systematised and visualised simply by making use of 
a conceptual analogue model as follows: MC =  f (PS) (Noguchi and Hernández 
2005). In this model, the service sub-system (S) concerns communication platforms 
that leads home users to participate in customising their design output while the 
product sub-system (P) covers production techniques that aim to help standardise 
housing design components for establishment of the mass production capacity. 
Standardisation of building components seems to be a limited hindrance to design 
customisation if communication platforms are well developed. Design-consulting 
staff and appropriate communication interface are required to facilitate user choice 
of standard design components. These fundamental design service factors can also 
be integrated into a comprehensive model: S = f (l, p, t). In this model, the service 
sub-system (S) admits the necessity of location (l), personnel (p) and tool (t) factors 
that affect design communication and they are interrelated. Basically, building com-
ponents can be divided essentially into three categories: volume, exterior and inte-
rior. These can be considered main elements of the product sub-system (P) which 
can be described using the following conceptual model: P = f (v, e, i, o). The volume 
(v) components are used to configure the building’s usable space that determines the 
size and location of each room while the interior (i) and exterior (e) components 
serve as decorative and functional elements that customise a house. In addition, ‘o’ 
denotes other optional features such as building amenity and security systems, 
inclusive design components and renewable energy technologies. Generally, fabric 
and ventilation heat loss are associated with building volume and configuration, as 
well as the envelope quality whilst thermal transmittance links up with materials 
used in the skin.

The ZEMCH Mission to Japan generates industrial impacts and actions. In fact, 
some homebuilders and housing manufacturers took initiatives for the actual devel-
opment of their own low/zero energy housing prototypes after the study visits. 
Reviewing the mission outcomes, the zero energy home design features and/or 
approaches will be examined below.
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2.2  Zero Energy Home Design

“Alouette Homes” was a housing manufacturer, who attended the first ZEMCH 
Mission to Japan held in 2006. Before merged with the other company, the prefab-
ricator was delivering panelised and modular homes mainly in Quebec, Canada. 
Immediately after returning from the first mission held in Japan, the company 
formed an R&D team that included the author of this chapter as the housing design 
lead and shaped the first architectural appearance. Later, a design charrette to 
embrace multidisciplinary challenges was arranged and Professor Andreas Athienitis 
at Concordia University joined the team to lead the further engineering upgrade. 
Eventually in 2007, the manufacturer built its own (near) net zero energy solar 
house prototype, later called “ÉcoTerra house” (Noguchi 2008b). In parallel, 
Scottish homebuilder “ROBERTRYAN Homes” attended the ZEMCH Mission to 
Japan 2007 and became an ardent industry advocate of zero carbon modular homes 
through Scottish Building Federation activities. Immediately after the mission 
experience, the company also established a zero energy/emission housing R&D 
team including the author of this chapter, when he served as a Reader at the 
Mackintosh School of Architecture, The Glasgow School of Art, then. In 2010, the 
housebuilder made their attempt to conceptualise the design of its own net zero 
energy housing prototype, called “Z-en house” (Noguchi 2011a). Both post-mission 
projects can be characterised by the application of advanced passive and active sys-
tems for energy efficiency and power generation towards zero energy housing oper-
ation. The low/zero energy housing techniques or systems applied to these projects, 
where the author of this chapter was involved in the detailed design, may be worthy 
of further review.

2.2.1  ÉcoTerra House

The ÉcoTerra house is a single detached home built on a 1.1-hectare rural lot of a 
new mass housing subdivision development in Eastman, Quebec (Fig.  5.1). The 
total heated floor area of the house was estimated at 234m2 and the heated volume 
at 671m2 including the basement. When the basement is excluded, the utilised floor 
area of this house is 141m2 and 2 bedrooms are located on the first floor and semi- 
private spaces, such as a kitchen, dining room, and sunspace family room/lounge, 
are on the ground floor. The soil surrounding the house covers almost half of the 
basement wall. Accordingly, the space before the ground floor was called “semi- 
basement” that benefits the natural earth coverage which helps reduce the wall 
exposure to the outside climate (Noguchi 2011a). The semi-basement serves as a 
multifunctional space and machine room. The house was constructed by making use 
of the housing manufacturer’s pre-engineered modular housing system that helped 
eliminate or reduce on-site construction nuisances, such as bad weather, theft and 
vandalism. A closed garage is located on the north side of the house being attached 
to the façade. Thus, the garage somewhat functions as an air buffer space that helps 
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reduce the fabric heat loss from the north façade. The south wall is fitted with large 
triple-glazing to optimise passive solar gain for space heating. The south-glazing to 
floor ratio is 9.1%. The window area of south, west, east and north walls was esti-
mated at 20.90m2, 5.20m2, 6.67 m2 and 0.65 m2, respectively. The glazing areas 
allocated to the exterior walls of this house were designed to ensure the comfortable 
level of natural daylighting and reduce the total amount of electricity required for 
artificial lighting.

In the ÉcoTerra house, a 3kWp building integrated photovoltaic thermal (BIPV/T) 
system was installed (Fig. 5.2). The PV array of the BIPV/T system is comprised of 
22 amorphous silicon 136 W laminates placed on the 55m2 (5.8 m × 9.5 m) south- 
facing metal rooftop. The potential annual electricity production was estimated ini-
tially at approximately 3420 kWh when the roof is sloped at 30.3° (Noguchi 2008b). 
The air under the PV panels is heated by solar radiation, drawn into a lower portion 
of the house from the roof ridge ducted. The BIPV/T system introduced to the 
ÉcoTerra house contributes to the drastic reduction of operational energy consump-
tion for heating the space and water in addition to the alleviation or elimination of 
an electric clothes tumble dryer use. With due consideration of the utilisation of the 
advanced renewable energy technologies combined with passive solar techniques 
applied to the ÉcoTerra house, the annual space energy consumption was simulated 
to be as low as 1130  kWh. The annual electricity used for domestic hot water 
reduced from 3353 to 553 kWh due to the contributions of the heat pump desuper-
heater, BIPV/Thermal system and drain-water heat recovery unit. As for the yearly 
energy consumption of indoor and exterior lighting and other appliances, it was 
decreased from 3975 to 3275 kWh and this was affected partially by the reduced 

Fig. 5.1 ÉcoTerra house, Alouette Homes
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energy demand of an electric dryer. Subtracting the expected PV electricity genera-
tion of 3420 kWh from the sum of these figures, the annual energy consumption of 
the ÉcoTerra house can be re-estimated at 2155 kWh. However, this excludes the 
magnitude of user behaviour, which may further contribute to reducing or eliminat-
ing the total operational energy use.

In principle, the ÉcoTerra house was designed to optimise energy gains while 
minimising the total heat loss (Noguchi 2011b). Therefore, passive solar design 
techniques were well implemented in harmony with advanced active renewable 
energy technologies in order to achieve the net zero energy cost when the home is 
used properly. The key innovative aspects of the house can be summarised as 
follows:

Fig. 5.2 ÉcoTerra house’s renewable technology scheme
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• Effective building orientation with large lights that optimise the sun exposure for 
solar heat gains and daylighting;

• Triple glazing windows filled with argon gas and low emissivity coating for 
reduction of fabric heat loss through windows;

• Minimised openings on the north, east and west facades for reduction of fabric 
heat loss through the openings;

• Multifunctional outdoor garage that is equipped with a green roof terrace con-
nected to the 1st floor main bedroom and serves as an air buffer space for reduc-
tion of fabric heat loss from the critical heat-losing wall;

• High thermal performance foam insulation that achieves U-values of 0.15 W/
m2K in walls and 0.1 W/m2K in ceilings and ensures airtightness at approx. 0.8 
air-changes per hour that reduces uncontrolled ventilation heat loss;

• Waist-high thermal mass wall that improves the house’s capacity for heat- storing, 
daylighting and natural ventilation and distinguishes the project from others with 
this new environmental architectonic feature;

• Unpartitioned open staircase that allows for not only human movement and heat 
and daylight distribution as well as gives a sense of visual extension to the mod-
erately sized interior aimed at reducing energy demand for space heating;

• Unfinished multipurpose semi-basement for spatial flexibility and affordability;
• Resource-efficient modern method of construction that helps ensure the high 

levels of product quality and waste management;
• Green landscaping (including the garage’s roof terrace) that is aimed at reducing 

the amount of ambient CO2 presence and rainwater runoff, as well as conserving 
natural habitat for sustainable community development;

• Building integrated photovoltaic thermal (BIPV/Thermal) system that generates 
not only electricity using free clean sunlight, but also solar-heated air applied for 
heating space through solar thermal mass, pre-heating domestic hot water 
through an air-to-water heat exchanger, and supplying warm air to the 
clothes dryer;

• PV and/or solar thermal capacity expansion space that allows for the growth of 
rooftop solar panels after occupancy;

• Integral indoor sunspace on the semi-basement and ground floors that are com-
posed of generous solar thermal mass connected to the BIPV/Thermal system;

• Balanced heat recovery system that recycles preheated indoor air up to 76%;
• Ground-source heat pump that is used as the primary system for heating and 

cooling the house;
• Heat exchanger designed to apply the heat from warm drain (waste) water for 

heating incoming cool water from the mains;
• Energy efficient appliances and lighting; and
• Rainwater butt that harvests the natural free water for gardening and 

car-washing.

The ÉcoTerra sustainable house was designed to provide its occupants with com-
fortable and healthy indoor living environment and produces as much energy as it 
consumes on an annual basis. The simulation of the energy use indicates that the 
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house experiences nearly net zero energy consumption when it comes into opera-
tion. However, the domestic energy use still depends on occupants’ energy saving 
behaviour. Accordingly, a user manual that helps educate occupants about behaviour- 
related energy saving techniques may need to be developed and the effect can be 
calibrated through energy meters that can display both energy use and cost.

2.2.2  Z-en House

The Z-en house is a single detached home conceptualised for the company’s new 
rural residential development in West Kilbride, Scotland (Fig.5.3). The floor area of 
this house is approx. 346m2 excluding the basement floor area and the exposed wall 
area was estimated at 279m2. The house contains 4 bedrooms and a study are located 
on the first floor and semi-private spaces, such as a kitchen, dining room, lounge, 
and sunspace family room, are on the ground floor. A basement is also introduced to 
this project, designed to serve as a multifunctional space, in which thermal mass 
components are installed heavily so as to capture heat from the sun and active hybrid 
renewable energy technologies.

Like the ÉcoTerra house in Canada, the ‘Z-en house’ in Scotland also attempted 
to install a photovoltaic thermal (PV/T) system in addition to various passive solar 
housing design techniques for energy efficiency. Nonetheless, this Scottish house 
was designed to integrate the PV/T with a Mechanical Ventilation Heat Recovery 
(MVHR) system (Fig. 5.3). In order words, it was aimed at examining the perfor-
mance of a newly conceptualised PV/T MVHR system, instead. Thus, 20–30% of 
fresh air extracted from the PV/T roof will be mixed with the recycled indoor air 
circulated via the MVHR system. Accordingly, the fresh air supplied through the 
PV/T MVHR system may somewhat contribute to the space heating when desirable.

Fig. 5.3 Z-en House South-west Façade

M. Noguchi



109

The configuration of a BIPV/T roof (i.e. PV roof sizes, slope angles and ventila-
tion rates) and the cell types may affect the heat and power generation performance. 
Thus, in order to investigate the PV/T heat and power generation potentials, a feasi-
bility study was conducted (Table 5.1). As an initial attempt to develop a guideline 
for PV/T performance in Scotland, the roof slope angle was initially set to be 30°, 
40°and 50°. The study confirmed that PV generates heat which makes the air run-
ning under the PV panels 10–15 °C warmer than the outside temperature even dur-
ing the Scottish winter with the ventilated air velocity at 1 m/s (Fig. 5.4). More heat 
can be generated in the summer. Low efficient amorphous silicon PV generates 
more heat than high efficient PV of the same nominal power output due to the nec-
essarily larger area of amorphous PV roof coverage as well as the less sensitivity to 
temperature rise as opposed to the mono/polycrystalline counterparts (Noguchi 2013).

Amongst these roof design options, the slope angle of 40° provides the best per-
formance in terms of both heat and power generation. Due to the lowest height 
amongst the options given, the 30° roof pitch can be considered as most efficient in 
terms of the building material consumption and the associated initial cost. 
Nonetheless, it also contributes to lessening the amount of PV heat and power gen-
eration, but the expected outcomes will be better than the PV/T roof with an angle 
of 50°. Thus, amongst the given alterative arrangements, the 50° angled PV/T roof 
is the worst option in the heat and power generation performance and the most 
expensive approach to the construction. When the area of the roof coverage becomes 
double, both low and high efficient PV panels tend to serve nearly twice as much to 
generate electricity. On the other hand, albeit the vertical extension of the PV roof 
from 7.14 to 14.28 m (thus, the increase of the roof area from 57.14 to 114.28m2) 
studied, the heat production of the amorphous PV roof with an angle of 30° can 
increase by 6% only when the velocity of ventilation air is limited to 0.5 m/s and 
about 17% when 1.0 m/s. In the case of the polycrystalline PV under the same con-
dition, the heat production can increase by 25% when the air velocity is set to be 
0.5 m/s and 43% increase with the air flow of 1.0 m/s. The ventilation rate of the 
PV/T roof can be considered as one of the most cost-effective influential factors that 

Table 5.1 PV/T system variations simulated using EESLISM

PV Type
Conversion 
Efficiency

nominal power 
output PV/T collector roof area

Amorphous silicone 7% 4kWp 57.14m2

(8 m in width & 7.14 m in 
length)

8kWp 114.28m2

(8 m in width & 14.28 m in 
length)

Polycrystalline 
silicone

14% 4kWp 28.57m2

(8 m in width:& 3.58 m in 
length)

8kWp 57.14m2

(8 m in width & 7.14 m in 
length)
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help improve the heat collecting performance while contributing to cooling the tem-
perature of PV cells. For instance, in the low efficient 4kWp PV roof with an angle 
of 30°, the annual rate of heat collection can be increased by 77% when the velocity 
is changed from 0.5 to 1.0 m/s and this approach is about 13 times more efficient 
than the mere increase of the PV size from 4 to 8kWp. In the case of high efficient 
4kWp PV roof, 55% performance improvement can be expected and it is about 
twice higher than the increase achieved by enlarging the PV size itself.

2.3  Value-Focused Production and Marketing

In Japan, housing manufacturers bring mass custom design and production systems 
into play and reduce the production cost. Contrarily, they tend not to lower their 
selling price, yet they install advanced energy efficiency and healthy housing mea-
sures, as well as renewable energy technologies in their homes as standard features 
rather than options (Noguchi and Collins 2008). Between 1994 and 2003, the num-
ber of domestic PV installations in Japan drastically increased from 539 to 52,863 
houses. To alleviate the eccentric appearance of their contemporary solar PV mass 
custom homes, Japanese manufacturers tend to well integrate the cells into the roof-
ing and façade materials. This quality-centric production approach rather than the 
simple selling price reduction reflects their high “cost-performance” marketing 
strategy which is also applied to both the reduction of housing energy consumption 
for affordability and the improvement of living environments for health and wellbe-
ing (Noguchi 2003). The cost-performance marketing strategy itself is far from new, 
having been applied to a variety of end user products internationally. For instance, 
although today’s automobiles can be produced with lower production costs than 

Fig. 5.4 4kWp ventilated PV/T Air temperature profile at the air flow of 300m3/h, 30th January 
(left) and of 300m3/h, 24th August (right)
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those in the past, their selling price does not seem to be affected dramatically by 
higher productivity. New cars are still generally regarded as expensive. Nevertheless, 
the list of items now offered as standard features in new cars, such as air condition-
ing, a stereo set, airbags, remote-control keys, power steering, power windows, 
adjustable mirrors and a GPS, were offered only as expensive options in older mod-
els. Clearly, the quality of newer models is much higher than that of older models. 
The same is true for the housing industry. Quality-oriented production contributes 
towards the delivery of high cost-performance housing in which high-tech modern 
conveniences that are installed as options in conventional homes are available as 
standard equipment (Se). In view of this cost-performance marketing strategy, the 
product subsystem (P) of the mass custom design system model, as described above, 
can further be modified into the following conceptual model: P = f (v, e, i, o) + Se. 
In fact, Japanese housing manufacturers zero energy mass custom homes in which 
a variety of housing amenities and renewable energy and environmental technolo-
gies (e.g. PV, air source heat pump, home energy management system, and lithium- 
ion battery) tend to be installed as standard features rather than options. Despite the 
reduction of equipment choices, volumetric, exterior and interior design compo-
nents remain options from which the users can choose to customise their home. This 
value-focused production and cost-performance marketing strategy may be consid-
ered as effective means to introduce relatively new housing innovations (e.g. renew-
able energy technologies) to the market where customers may not take expensive 
design options easily when the buying decisions drastically increase the sell-
ing price.

3  Conclusions

This chapter was a first attempt to crystallise the ZEMCH strategic framework for 
low carbon solutions in sustainable housing delivery and recapitulated the design, 
production and marketing innovations in view of ZEMCH practices observed in 
Japan, Canada and Scotland. The mass custom design approach being implemented 
in Japan was considered as a practical approach to enhancing social, economic and 
human sustainability in housing delivery, while passive and active solar systems 
introduced to Canadian and Scottish zero energy homes were regarded as effective 
means to secure environmental sustainability through the drastic reduction or elimi-
nation of operational CO2 emission that contributes to global warming issues arising 
today. Nonetheless, passive solar housing features scrutinised in this chapter were 
based solely on this chapter author’s zero energy home design experiences in cool 
or cold climate alone, where space heating dominates the domestic energy use. 
Sustainable housing development is a global concern. Accordingly, passive and 
active cooling design strategies for reduction or elimination of domestic energy use 
in warm or hot regions should be studied further and integrated into ZEMCH design 
framework for the applicability to both developed and developing countries.
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Chapter 6
Role of Hybrid Energy System in Reducing 
Effects of Climate Change

Somudeep Bhattacharjee, Uttara Das, Moumita Chowdhury, 
and Champa Nandi

Abstract Climate change is a very rising topic nowadays since the climate of this 
world is changing rapidly day by day. In the technical field, it is seen that so many 
things or techniques used here, which have a very bad impact on our environment 
like use of non-renewable energy source, emission of greenhouse gases and so on. 
At present electric power generation is mainly dependent upon non-renewable 
sources. Due to rapid uses of non-renewable energy sources, its storage reserves are 
decreasing rapidly. So an alternate source is required and that is the renewable 
energy source, nowadays renewable sources are utilized but in small amount. 
Renewable sources are environmentally friendly, so using of renewable energy 
sources are more preferable than non-renewable sources for the betterment of our 
environment. Due to rising environmental concerns day by day, the utilization of 
renewable energy need to be increased as much as possible. There are so many 
remote or island places in this world where huge numbers of renewable sources are 
available which can be used for power generation. And the most important thing is 
that they have no effect (or very less effect) in this environment. So our goal is to 
model and simulate a grid connected solar-wind hybrid energy system which is used 
to solve the problems regarding the power generation. In this chapter a 24 h case 
study analysis is done by taking the real time data of solar radiation and wind speed 
of a selected location. The results of this analysis indicate that the hybrid system is 
profitable and environmentally friendly. This analysis simply gives an idea about to 
what extent there will be the generation of power and how much it will be helpful to 
this environment. In addition, it includes detailed discussion on climate change, 
harmful effects of non-renewable energy sources on the environment and the need 
of renewable energy based hybrid energy system to combat climate change. By this 
explanation we will get to know more about how renewable energy sources mitigate 
two problems – climate change & power demand.
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1  Introduction

Climate change is a very raising topic nowadays. Climate change takes place when 
changes happen in the climate of the earth and result in new weather patterns which 
last for two to three decades or maybe for millions of years (Climate Change of Earth 
2019). The climate can change by some nature activities like cyclical ocean patterns, 
Atlantic multi-decadal oscillation, volcanism etc. Climate change can be happened by 
human activities too. Burning of fossil fuels and cutting trees are mainly responsible 
for changing the climate of this world drastically and by doing such activities; humans 
are impacting the climate and temperature very badly. The huge amount of green-
house gasses is coming out of the burning of fossil fuels to the atmosphere which has 
a big role in global warming. These green house gasses trap the heat of the sun and 
don’t allow them to go back to the space. Some of them are produced naturally but 
most of them are produced by human activities which are increasing so fast, like CO2, 
CH4, N2O & fluorinated gasses. Some of the major impacts of climate change are 
extreme heat, changing patterns in rainfall, drought, decreasing ground water, glacier 
melting and so on (Cause of Climate Change 2019). The impacts of non-renewable 
energy sources not only in the form of greenhouse gas emissions, but it also affects the 
environment in various forms. Non- renewable energy resources emit lots of pollutants 
which affect human health and the environment. For example, coal fired power plants 
are the largest source of mercury in many countries. If mercury is emitted into the air, 
then it stores on the ground water which can affect our health through the food chain. 
In addition, the effects of non-renewable energy not only present in atmospheric tem-
perature and air, its impact also falls on water cycle. When sulfur and other chemicals 
are produced from the industry and it mixed in the atmosphere which turns the rain 
mildly acidic. Acid rain also damages the trees and weak the forest ecosystems, it cre-
ated the corrosion on the machinery equipment. In addition, the environmental impact 
also comes from the use of non-renewable resources and disposal of their waste. The 
effect of surface mining in short term, as well as long term, a clear proof of land pol-
lution. Huge volume of excess rock and soil are discarded in the location nearby val-
leys also affect that ecosystem. At the end, there are other hazards are present in the 
environment except air, water, land pollution. An oil spill is very dangerous and 
destroying matter near the shores and its ecosystem (Effect of Non-Renewable 
Resources on the Environment 2019). Therefore, for protecting the environment from 
the dangerous impacts of climate change and non-renewable energy sources, the uti-
lization of renewable energy sources needs to be increased at a very large scale. At 
present electric power generation is mainly dependent upon non- renewable sources. 
Due to rapid uses of non-renewable energy sources, its reserves are decreasing at a 
faster rate. So an alternate source is required and that is the renewable energy source, 
nowadays renewable energy sources are utilized but in smaller amounts. Since the 
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environmental concerns are increasing day by day so the utilization of renewable 
energy is required as much as possible. Renewable resources (like solar, wind, bio-
mass and hydro power) are available in many places that can easily used to generate 
power. But most of the renewable energy sources are fluctuating in nature. Solar 
power generation depends on sunlight which is not present at night. Wind power gen-
eration depends on wind speed which is very fluctuating all over the day. Thus, it is 
not possible to maintain continuity of power supply from individual renewable energy 
sources. But it is possible to maintain the continuity of power supply by utilizing the 
hybrid energy system concept. A hybrid energy system is an integrated form of two or 
more energy sources in such a way that the continuity of power supply is maintained 
(Bhattacharjee et al. 2018). So our goal is to model and simulate a grid connected 
solar-wind hybrid energy system which is used to solve the problems regarding the 
power generation. In this chapter a 24 h case study analysis is done by taking the real 
time data of solar radiation and wind speed of a selected location. It also discusses 
about the topic climate change in detail. In addition, it includes discussion on the 
harmful effects of non-renewable energy sources on the environment and the need of 
renewable energy to combat climate change. The results of this analysis indicate that 
the hybrid system is profitable and environmentally friendly. This analysis simply 
gives an idea about to what extent there will be the generation of power and how much 
it will be helpful to this environment. By this explanation we will get to know more 
about how renewable energy sources mitigate two problems  – climate change & 
power demand. Increasing dangerous impacts of climate change and rising power 
demand are the two major issues which are necessary to be controlled for protecting 
environment. Therefore, this study provides a solution in terms of hybrid energy sys-
tem by utilizing renewable energy sources.

This chapter consists of following sections apart from the introduction. Section 
2 describes about the climate change with its causes and impacts. Section 3 describes 
about the harmful effects of non-renewable energy sources in the environment. 
Section 4 describes about the need of renewable energy based hybrid energy system 
to battle against climate change. Section 5 describes about the system description of 
grid connected solar-wind hybrid energy system. Section 6 describes about the sim-
ulation model of the hybrid power plant. Section 7 describes about the case study on 
Kavaratti, Lakshadweep, India. Section 8 describes about the conclusion.

2  Climate Change with Its Causes and Impacts

2.1  Introduction

Climate change is a very raising topic nowadays. Climate change takes place when 
changes happen in the climate of the earth and result in new weather patterns which 
last for two to three decades or maybe for millions of years. Earth’s climate system 
mainly takes its all energy from the sun and a little amount of the earth’s interior. 
Earth’s climate also gives energy to the outer space. The budget of earth’s energy 
mainly depends on the stability of incoming & outgoing energy, and the route of the 
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energy through the climate system. If the outgoing energy is more than incoming 
energy then the climate system of the earth is cooling and if the incoming energy is 
more than outgoing energy then the climate system of the earth is warming. As the 
climate of the earth helps to move the energy, earth’s weather is created by it. In 
short, the phenomenon of changes in the climate is known as climate change. The 
climate can change by some nature activities like cyclical ocean patterns, Atlantic 
multi-decadal oscillation, volcanism etc. Climate change can be happened by human 
activities too. Climate change is a big cause of global warming. That’s why its need 
to be reduced as soon as possible (Climate Change of Earth 2019).

2.2  Causes of Climate Change

The climate can change by some nature activities like cyclical ocean patterns, 
Atlantic multi-decadal oscillation, volcanism etc. Climate change can be happened 
by human activities too. Burning of fossil fuels and cutting trees are mainly respon-
sible for changing the climate of this world drastically and by doing such activities; 
humans are impacting the climate and temperature very badly. The huge amount of 
greenhouse gasses is coming out of the burning of fossil fuels to the atmosphere 
which has a big role in global warming. These green house gasses trap the heat of 
the sun and don’t allow them to go back to the space. Some of them are produced 
naturally but most of them are produced by human activities which are increasing 
so fast, like CO2, CH4, N2O & fluorinated gasses. CO2 is a greenhouse gas, which is 
mostly responsible for global warming. Other gasses also discharged in fewer 
amounts by various processes, but catch heat in more amount than CO2. Burning 
fossil fuels helps to increase the level of CO2 & N2O the atmosphere. Normally trees 
help to absorb excess CO2, but due to huge deforestation, the level of CO2 is rising 
day by day. Fertilizers which contain nitrogen are responsible for producing N2O 
emission. Fluorinated gases are responsible for global warming up to twenty three 
thousand times more than CO2. In short, human activities are mainly responsible for 
global warming. The average temperature of industrial area is 2 °C more than non- 
industrial area. Because of this global warming world’s climates are changing dras-
tically. Present global warming temperature is greater than earlier by 0.85 °C which 
has a major impact on climate (Cause of Climate Change 2019).

2.3  Impacts of Climate Change in India

Extreme heat is the first major impact of climate change. Climate of India is already 
becoming warmer than earlier, if it goes on then within a few years a big part of 
India will experience an unexpected high temperature. Changing patterns of rainfall 
are the second major impact of climate change. Since 1950, it has been noticed that 
a decreasing level in monsoon rainfall. But the regularity of intense rainfall is 
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increased, because of these changes climate of such areas has also changed. A 
drought is the third major impact of climate change. Various reports prove that vari-
ous parts of South Asia have become drier than earlier. If it goes on then the days 
are not so far when the drought will become a common matter in all over the world. 
Decreasing ground water is the fourth major impact of climate change. Indian agri-
culture, mostly (more than 60%) depended on ground water. India highly depended 
on ground water for fulfilling its needs. If ground water decreases in this way, then 
the day is very near when ground water level will reach to zero or near zero. Glacier 
melt is the fifth major impact of climate change. At 2.5 °C warming, dissolving of 
glaciers of different parts of the Himalayas may threaten the stability and reliability 
of the water level in the glacier-fed rivers (Cause of Climate Change 2019). These 
may cause flood like situation in nearby areas of rivers. Sea level rise is the fourth 
major impact of climate change. This rise of sea level causes flood like situation in 
areas like Mumbai, Kolkata etc., which are near to sea. It may contaminate drinking 
water and raise many diseases like diarrhea and cholera. Climate change may also 
disturb the food productivity and hydro power generation (Cause of Climate Change 
2019). These are some of the major impacts of climate change in India.

3  Harmful Effects of Non-renewable Energy Sources 
on Environment

The usage of non-renewable energy resources has so many bad impacts on our 
health & environment. Human health and the wellbeing of this environment, these 
two are connected with the use of non-renewable energy sources so intimately. 
There are different kinds of harmful effects on this environment either it is in the 
way they are processed and extracted or in terms of how they are used. The harmful 
effects are variable based on the types of non-renewable resource used. Mainly there 
are five such ways by which non-renewable energy sources affect our health and 
environment (Effect of Non-Renewable Resources on the Environment 2019). 
These five ways are:

3.1  Greenhouse Gas Emissions

The main reason behind climate change is mainly due to increase of greenhouse gas 
emissions in the environment. Main greenhouse gases are carbon dioxide and meth-
ane which is mainly obtained from the use of non-renewable resources. Various 
types of non-renewable resources, discharge various levels of greenhouse gases like 
coal, which produce high amounts of carbon dioxide when it burn. It has been found 
from US history, 71% of carbon dioxide released from the electric power sector, 
which comes from the burning of coal, in 2015, where natural gas discharges 28%. 
On the other hand, natural gas discharges 50–60% less carbon dioxide compared to 
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coal, also discharges less heat-trapping gases, which trapped heat when it is used to 
power a vehicle, which is 15–20% compared to gasoline. Methane, which is 34 
times stronger than CO2 in terms of ability to trap the heat, is found as leakage dur-
ing drilling and extraction of natural gas from wells. So, natural gas is also danger-
ous as increasing greenhouse gas. Greenhouse gas and climate change are 
coordinated to each other, climate change is the reason of the change in weather 
patterns and rising temperatures as a result of flood and drought which further 
changes the living in humans. Although, climate change is directly effective for the 
ecosystem, change the biodiversity of the world, overall, the whole change in nor-
mal livelihood (Effect of Non-Renewable Resources on the Environment 2019).

3.2  Air Pollution

Non-renewable energy resources do not only emit greenhouse gases; they also emit 
lots of pollutants which affect human health and the environment. For example, coal 
fired power plants are the largest source of mercury in many countries. If mercury 
is emitted into the air, then it stores on the ground water which can affect our health 
through the food chain. This mercury has not only effects on the biodiversity, but 
also affect human health so badly as the study says that mercury can lead neurologi-
cal problem in embryos and young children. Another important source of air pollut-
ant is fossil fuel combustion, which includes sulfur dioxide, nitrogen oxides and 
particulate matter (Effect of Non-Renewable Resources on the Environment 2019).

3.3  Acid Rain and Water Pollution

The effects of non-renewable energy not only present in atmospheric temperature 
and air, its impact also falls on water cycle. When sulfur and other chemicals are 
produced from the industry and it mixed in the atmosphere which turns the rain 
mildly acidic. Acid rain also damages the trees and weak the forest ecosystems, it 
created the corrosion on the machinery equipment. In the change of acidic level of 
lakes, streams and different water resources, acid rain play a very threatening role 
which may be effective in the life of fish and other aquatic organisms. Another way 
of water pollution is thermal pollution, which means use of fossil fuel like coal, 
nuclear energy. Every fossil fuel, nuclear power plant uses water to running and 
cooling purposes of power plant. After using when plants release the water, its tem-
perature has been changed and decayed quality. This heated water reintroduced and 
sometimes used in the locality for the ecosystem or agriculture, which contains 
lower dissolved oxygen level. This water makes stress in wildlife like increase the 
heart rate of fish, decreasing fertility (Effect of Non-Renewable Resources on the 
Environment 2019).
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3.4  Land Pollution and Waste Generation

Environmental impact comes from the use of non-renewable resources and disposal 
of their waste. The effect of surface mining in short term, as well as long term, a 
clear proof of pollution. Huge volume of excess rock and soil are discarded in the 
location nearby valleys which affect that ecosystem. Due to the mining in terms of 
a long process, the soil quality becomes poor and sometimes chemical used in land 
near water resources make the land as well as water pollution. In extraction of 
nuclear energy like uranium, and disposal of its waste create some very deprecatory 
issues which have no long-term solution due to the radioactive nature element being 
mined (Effect of Non-Renewable Resources on the Environment 2019).

3.5  Oil Spills and Other Accidents

At the end, there are other hazards are present in the environment except air, water, 
land pollution. An oil spill is very dangerous and destroying matter near the shores 
and its ecosystem. In referring to this, British Petroleum’s losses $2.5 Billion in oil 
spilling in 2010  in the Louisiana fishing market alone, where Florida losses $3 
Billion from the income from tourism. Due to the rub out of oil from the Gulf of 
Mexico, biologists are suspicious about the species of algae, hundreds of species of 
animals. In Chernobyl, the devastating effects are seen as a result of the nuclear 
disaster in nature and humans both. Due to negligence, technology failure, lack of 
preparedness or a combination, these accidents are occurring (Effect of Non- 
Renewable Resources on the Environment 2019).

4  Need of Renewable Energy Based Hybrid Energy System 
to Battle Against Climate Change

At the current time, the role of electrical energy is very crucial. Without it, human 
beings nowadays couldn’t imagine his life as it controls some of the crucial needs 
of human beings directly or indirectly. Electrical energy plays a crucial role in soci-
ety as its accessibility lead to the progress of electrical appliances in the workplace, 
which include light bulbs, water pump, television, computer, mobile charging and 
so on. At home, these electrical appliances establish a special place as they are time- 
savers, reliable, safer and easy to use. So human beings couldn’t even think of sur-
viving without electrical energy. In the absence of electrical energy, the life of 
human beings becomes difficult and boring. The societal and financial progress in 
the history of human beings is decided by the energy availability and accessibility. 
Due to this reason, the answers were investigated for delivering the energy demand 
for the requirement of the societal and financial progress. In the current time, a large 
of countries, including India generates a large amount of power using thermal power 
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plant which is a dangerous issue as it increases the dangerous impacts of climate 
change. Due to this, the necessity of utilization of renewable energy sources for sup-
plying the electrical energy is highly vital for protecting the environment from the 
utilization of non-renewable energy sources. Due to increasing global warming and 
rising energy demand, the interest of people now moves towards those energy 
sources which are environmentally friendly for saving the earth for the future and 
currently good thing is that there are never-ending sources of energy which are 
being developed and modernize. For instance, solar energy which is generated from 
the sunbeams, wind energy which is generated from the high speed moving winds, 
hydro energy which is generated from the intensity of running water and so on. The 
utilization of renewable energy sources in large scale can amplify the energy secu-
rity for both the current and future generation. Renewable energy utilization is ris-
ing every year with the focus on various types of renewable energy sources, but the 
speed of progress is very low. It is a fact that it was not possible to maintain continu-
ity of power supply by utilizing individual renewable energy sources. But it is pos-
sible to maintain the continuity of power supply by utilizing the hybrid energy 
system concept. A hybrid energy system is an integrated form of two or more energy 
sources in such a way that the continuity of power supply is maintained. One of the 
most popular hybrid energy systems is photovoltaic (PV) -wind turbine-diesel gen-
erator based hybrid energy system. The utilization of renewable energy technolo-
gies diminishes the use of non-renewable energy sources. Some of the major 
advantages of hybrid energy system are:

• It saves fuel upto 50%.
• It is a silent system and its maintenance cost is low
• It is connected to other energy supplies (solar panels, wind turbines and so on)
• It has low unpredictability of system efficiency and its results are more consistent.
• Its life is long as it provides electrical energy for more than 20–25 years.
• It keeps the environment clean by producing very less or no emission of green-

house gases in the atmosphere.
• It is a cost-effective system as it provides high power quality and reliability.

It is a true fact that the hybrid energy system also possesses some drawbacks, but 
still a hybrid energy system is better as its usage reduces the dangerous impacts of 
climate change. Some of these drawbacks are: It requires a large initial cost to setup 
the project, it is a complex system as the integration of two or more energy sources 
is difficult and so on. The drawback of the initial cost is easy to manage since the 
lifetime earnings of hybrid system easily cover the initial investment and provide an 
extra large profit. In addition, the technologies of renewable energy and the tech-
nologies of renewable energy integration are improving day by day, which can eas-
ily solve the problems of complexity in the integration of two or more renewable 
energy sources (Importance of Electricity – How It Changed People’s Lives 2012) 
(Marisarla and Kumar 2013) (The Impact of Electricity on Society 2019) (Vuc et al. 
2013) (Paska et al. 2009) (Soon 2015) (Bhikabhai 2005) (Advantages of the Hybrid 
System 2019) (Nandi et al. 2019). Therefore, hybrid energy system is fully capable 
of solving the problem of rising dangerous impacts of climate change and the 
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excessive utilization of non-renewable energy sources by integrating two or more 
renewable energy sources in such a way that the continuity of power supply is 
maintained.

5  System Description of Grid Connected Solar-Wind Hybrid 
Energy System

5.1  Block Diagram

The block diagram of grid connected solar wind hybrid energy system is shown in 
Fig. 6.1. The block diagram of hybrid system consists of five different parts: PV 
array, wind farm, converter, electric load and grid. In this figure, the inverter is rep-
resented by converter as shown in Fig. 6.1. In this hybrid system, a protection sys-
tem is utilized which is used to break the circuit in case of low voltage. The grid is 
connected to the hybrid energy system for consuming excess energy generated from 
the hybrid energy system or to supply the required energy for fulfilling the load 
demand during requirement. In this hybrid system, PV array and wind farm are the 
two energy sources which are used to fulfill the load demand.

5.2  Mathematical Modelling of PV Array System

The circuit diagram of solar cell is shown in Fig. 6.2. In designing the PV array 
system, a fixed number of solar cells are connected in series to build one solar mod-
ule. Then a fixed number of series connected solar modules are connected in a string 
and then a fixed number of modules connected strings are connected in parallel to 

Fig. 6.1 The block diagram of grid connected solar wind hybrid energy system
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obtain the desired power output. This PV array system transforms the sunbeams into 
electrical energy which is increased using MPPT (Maximum Power Point Tracker) 
with a boost converter.

The output current of the solar cell is given by.
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Where, I is the output current (ampere),

IPH is the photo generated current (ampere),
Is is the saturation current of the first diode,
IS2 is the saturation current of the second diode,
Vt is the thermal voltage, Vt = (kT/q),
k is the Boltzmann constant,
T is the device simulation temperature,
q is the elementary charge on an electron,
N is the quality factor of the first diode,
N2 is the quality factor of the second diode,
V is the voltage across the solar cell electrical ports,
RS is the series resistance and wind farm, a fixed number of windmills
RP is the shunt resistance (Solar Cell Model 2019).

5.3  Mathematical Modelling of Wind Farm

In this wind farm, a fixed number of windmills are connected to obtain the desired 
power output. The power extracted from the wind is given by.

 
P C , A vWIND P= ( )λ β ρ.• • • 3

 

Fig. 6.2 The circuit diagram of solar cell
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Where, ρ is the air density in atmosphere (kg/m3),

A is cross-sectional area of a turbine blade (m2),
V is wind velocity (m/s) and.
Cp is the wind turbine energy conversion coefficient. The rotor power coefficient is 

usually given as a function of two parameters: the tip speed ratio λ and the blade 
pitch angle β (in degrees). The blade pitch angle is defined as the angle between 
the plane of rotation and the blade cross-section chord. And the tip speed ratio is 
defined as the ratio between the speed of the tips of the blades of a wind turbine 
and the speed of the wind (Dave and Sinha 2017).

In the wind farm, a fixed number of windmills are connected and in one wind-
mill, a wind turbine is present, which is connected to a permanent magnet synchro-
nous machine to obtain the desired AC power output. The wind turbine transforms 
the kinetic energy of wind into mechanical power which is later converted into AC 
electrical power using a permanent magnet synchronous machine. This AC electri-
cal power is converted into DC power using rectifier which is increased using MPPT 
(Maximum Power Point Tracker) with a boost converter.

5.4  Literature Review

A literature review of several research works related to the integration of differ-
ent renewable energy sources and its protection is carried out to understand the 
progress. In (Comodi et al. 2015), the authors proposed an on-grid PV and micro-
gas turbine hybrid system with management policy in the year 2015. In this 
paper, the energy management system has been designed by the linear program-
ming method. The load demand has been considered to be fixed. The proposed 
algorithm mainly solves the problem which immerged because of uncertainty of 
solar irradiance in PV panels. The paper also aims at reducing the emission of 
toxic pollutants which emerged from a traditional power generating system. The 
strategy helps in injecting more power to the grid (Comodi et  al. 2015). In 
(Abushnaf and Rassau 2018), the authors developed a novel energy management 
system for grid supported PV/Battery system in the year 2018. In this paper, 
genetic algorithm is applied to energy management strategy. Here, the system is 
applied only for fixed types of load. The scheme reduces the cost of energy pro-
duction and moreover the optimal use of the components likes: solar panel, bat-
tery, DC-AC converter is also computed. The scheme easily fulfills the load 
demand (Abushnaf and Rassau 2018). In (Aktas et  al. 2018), the authors pro-
posed an energy management for grid connected PV system with hybrid storage 
facility comprising of battery and ultra-capacitor in the year 2018. The energy 
management is designed by linear programming in MATLAB environment. The 
proposed process can satisfy the load and can sell excess power to the grid. The 
paper introduces the concept of Phase Locked Loop in renewable energy 
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management Scheme (Aktas et al. 2018). In (Nge et al. 2019), the authors pro-
posed a dynamic management system of energy for grid supported PV and bat-
tery storage during the year 2019. The energy management system maximizes 
the energy production from renewable and injects excess to the grid while keep-
ing the battery fully charged. In this paper solution to the optimization predica-
ment is computed by Lagrangian technique. In this paper the load demand is 
taken as fixed. The whole method of EMS is verified with dynamic programming 
of brute-force. The algorithm easily solves the problems occurred in energy man-
agement due uncertainty in PV generations (Nge et al. 2019). Microgrid is also a 
type of hybrid energy system where two or more local energy sources are inte-
grated with the energy storage system for fulfilling the electric load demand of a 
small area. Therefore, some research works related to microgrid are also dis-
cussed here. In (Mirsaeidi et  al. 2017a), the author proposed the concept of 
hybrid AC/DC micro-grid with the advantage of AC and DC architectures in the 
year 2017. These AC and DC sub-grids of micro-grid are connected in the same 
distributed grid, which gives the facility to direct integration of both AC- and 
DC-based DG sources, energy storage systems (ESSs) and loads. To minimize 
the modifications of the current distributed grid and reducing the total cost of 
upcoming renewable energy sources (RES) or electric vehicles (EV), this feature 
of AC-DC micro-grid provides an efficient way (Mirsaeidi et al. 2017a). In (Liu 
et al. 2011), for reducing the processes of multiple DC–AC–DC or AC–DC–AC 
conversions in an individual AC or DC grid, the author proposed a hybrid AC/DC 
micro-grid in the year 2011. Both AC and DC network are connected together 
with multi-bi-directional converters are making the hybrid grid. Although, DC 
sources and loads are connected in the DC network, whereas AC sources and 
loads are ties in the AC network. The suggested hybrid grid can operate in a grid-
tied or self-governing mode. To stable the system operation under various gen-
erations and load conditions for smoothing the power transfer between AC and 
DC links, the coordinate control algorithm has been proposed (Liu et al. 2011). 
In (Gaur and Singh 2017), the author represents shortcoming confronted and dif-
ferent technical issue in installing of micro-grid, especially in rural areas in the 
year 2017. It highlights some aspects of stability in micro-grids and discusses the 
technical challenges involved in grid integration of micro-grid. This paper 
reviewed the different issues in implementations of micro-grid technology. It 
focuses on active and current progress in micro-grid research, especially in 
Europe and America. Voltage- frequency control, islanding and protection are the 
three key issues of technical challenges that must be overcome for effective 
implementation of micro-grid. Improvement of power quality as seen by the end 
user is contributed by the integration of small scale production in the form of 
micro-grid that supports the inclusion of power electronics devices (Gaur and 
Singh 2017). In (Lai et  al. 2015), the author suggests a secure operation and 
comprehensive protection strategy for insuring dependable of an island micro-
grid system in the year 2015. To prevent unnecessary loss of critical load and 
distributed generators (DGs), the paper implemented the use of microprocessor 
based relay. To clear the way of plug and play of distributed generators (DGs), 
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different improvements are proposed. To tackle the exclusive high impedance 
fault in distributed system, different recommendations are present. Moreover, 
different analyses are carried out to demonstrate the protection strategy (Lai 
et al. 2015). In (Mirsaeidi et al. 2017b), the author propounds a review paper on 
different comprehensive strategies for protection of hybrid AC/DC micro-grids 
in the year 2017. Apart from this, it classifies them into specific groups and criti-
cally analyzes the main challenges of each approach. Finally, some recommenda-
tions are found out to solve the protection problems (Mirsaeidi et al. 2017b). In 
(Hussain and Kim 2016), the author represents a hybrid adaptive protection 
scheme for the protection of micro-grids in the year 2016. Although, a gateway 
is proposed to maintain the communication between the serial interface device 
and the IEC 61850 process bus. Finally, a framework is introduced by using IEC 
61850-based intelligent electronic devices (IEDs) for the protection of micro-
grid (Hussain and Kim 2016). In (There et al. 2011), for delivering a micro-grid 
frequency response-as an ultra- capacitor and inverter for delivering short-term 
energy response, the author proposed an energy storage system in the year 2011. 
Depending on measured condition, a control system is created to monitor the 
grid frequency and active an inverter to either charge or discharge an ultra-capac-
itor. Finally, a simulation result is described with their major components (There 
et al. 2011). In (Patil et al. 2015), the author propounds the application of super 
capacitor as an energy storage system connected to micro-grid in the year 2015. 
This proposal explored here to address carbon and energy emission concerned 
into global issues. It discusses the design and the process of development of a 
dynamic support system for specific micro-grid applications. It also represents 
the hardware and software design and development of 7.8 kW single-phase con-
verter connected to the 125 V, 100 Wh super capacitor bank (Patil et al. 2015). In 
(Khorasani et al. 2017), for improving the power quality and to compensate the 
reactive power of an AC micro-grid using DC bus capacity, the Author suggests 
a new global solution with new design of hybrid AC/DC micro-grid in the year 
2017. This paper also proposed new design of back to back connection of two 
series and parallel converters, as well as new controllers and simultaneous uses 
of earthing switches. Under different power quality problem (e.g., interruption, 
sag, harmonics, and any variation of voltage/current signal from pure sinusoi-
dal), their proposed method guarantees to supply quality voltage and drawn cur-
rent to consumers from the network. Furthermore, even in the worst load quality 
condition, the proposed design of new AC/DC micro-grid will help to achieve the 
operation of network under islanded mode in accordance with power quality 
standard (Khorasani et al. 2017). In (Hosseini et al. 2016), the author reviewed 
the structure and topology of micro-grid and proposed a summary of studies in 
the field of protection in the year 2016. Afterward, the challenges and solving 
methods of protection of micro- grid through DG-equipped network are dis-
cussed. In this paper, six main categories of solving method of protection prob-
lem are described. Finally, it also identifies the factor of micro-grid type and 
topology, DG type, communication type and delay type, method of fault 
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detection and analysis, relay type, fault type, method of grounding and use of 
smart transformer in micro-grid (Hosseini et al. 2016).

6  Simulation Model of the Hybrid Power Plant

A simulation model of grid connected solar–wind hybrid energy system is designed, 
which is shown in Fig. 6.3. The simulation model of hybrid energy system consists 
of four main parts: PV array, wind farm, protection system and GEL. The full form 
of GEL is Grid and Electric load. GEL represents a DC grid and it consists of an 
inverter, electric load and main AC grid connection.

6.1  PV Array System

In the simulation model of the PV array system, 120 solar cells are connected in 
series to build one solar module. Then 600 series connected solar modules are con-
nected in a string and then 400 modules connected strings are connected in parallel 
to obtain the desired power output. This PV array system transforms the sunbeams 
into electrical energy which is increased using MPPT (Maximum Power Point 
Tracker) with a boost converter. The total rated capacity of the PV array system is 
13 MW and the final output voltage Vs of PV array system is sent to the protec-
tion system.

Fig. 6.3 The simulation model of hybrid energy system
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6.2  Wind Farm

In the simulation model of wind farm, 30 windmills are connected. In one windmill, 
a wind turbine is present, which is connected to a permanent magnet synchronous 
machine to obtain the desired AC power output. The wind turbine transforms the 
kinetic energy of wind into mechanical power which is later converted into AC 
electrical power using a permanent magnet synchronous machine. This AC electri-
cal power is converted into DC power using rectifier which is increased using MPPT 
(Maximum Power Point Tracker) with a boost converter. The total rated capacity of 
wind farm is 600 kW (with MPPT) and the final output voltage Vw of wind farm is 
send to the protection system.

6.3  GEL (Grid and Electric Load)

GEL represents a DC grid and it consists of an inverter, electric load and main 
AC grid connection. In the GEL simulation model, the DC input voltage is con-
verted into AC voltage using IGBT two-level inverter. Then this AC voltage is 
used to fulfill 50 Hz electric load of 50 kW. For maintaining grid stability, a 
voltage source (indicating grid) of 50  Hz is connected near to electric load, 
which is used to feed the electric load whenever required. The grid is connected 
to the hybrid energy system for consuming excess energy generated from hybrid 
energy system or to supply the required energy for fulfilling the load demand 
during requirement.

6.4  Protection System

The protection system is based on a protection algorithm. Based upon the protection 
algorithm, the protection system decides its control actions. The protection system 
takes input of solar DC voltage Vs and wind DC voltage Vw which is used to calcu-
late total voltage V (Vs + Vw = V). The flowchart of protection algorithm is shown 
in Fig. 6.4.

The working of protection system is based on protection algorithm where the 
total voltage V is checked that it is more than or equal to Vreq or not. Vreq (440 V) 
is the minimum DC grid voltage below which, if the voltage enters into GEL then 
grid stability problem arise. If the total voltage V is more than or equal to Vreq, then 
at that time, total DC voltage is sent to GEL where it is converted into AC voltage 
using an inverter and then send to fulfilled the load demand of 50 kW and excess 
energy send to AC grid. If the total voltage V is less than Vreq then at that time, total 
DC voltage is disconnected from GEL (i.e., disconnect wind farm and PV array 
system from GEL). In this situation, if the AC grid is available, then it is used to 
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fulfill the load demand of 50 kW, otherwise load shedding occurs. Since this protec-
tion algorithm managing the flow of energy so it can be considered as an energy 
management algorithm.

Fig. 6.4 The flowchart of protection algorithm
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7  Case Study on Kavaratti, Lakshadweep, India

The feasibility of the proposed hybrid energy system plays a crucial role and so for 
performing feasibility analyzing, a 24 h case study analysis is done on Kavaratti, 
Lakshadweep, India by utilizing the real time data of solar irradiance and wind 
speed. The latitude and longitude of the chosen location of Kavaratti, Lakshadweep, 
India, are 10 degrees 33.6 minutes north, 72 degrees 38.6 minutes east.

7.1  Solar Radiation, Clearness Index, Wind Speed 
and Ambient Temperature

This section describes the climatic conditions of the selected location which is nec-
essary to be consider for proper analyzing of the feasibility of the hybrid energy 
system. These climatic conditions are solar radiation (kWh/m2/d), clearness index, 
wind speed (m/s) and ambient temperature (°C) of the chosen location of Kavaratti, 
Lakshadweep, India. Figure 6.5 indicates the average monthly solar radiation (kWh/
m2/d) and average monthly clearness index of the chosen location. Figure 6.6 indi-
cates the average monthly wind speed (m/s) of the chosen location. Table 6.1 indi-
cates the monthly ambient temperature in terms of minimum, daily low, average, 
daily high and maximum temperature in °C. All these real time data on the chosen 
location are obtained from the database of NASA Prediction of Worldwide Energy 
Resources (NASA Prediction of Worldwide Energy Resources 2019).

The average solar radiation in Kavaratti area is 5.76kWh/ m2/day for an annum 
as shown in Fig. 6.5. The speed of wind is taken 50 m above the ground level of 
Kavaratti area. The range of the wind speed in Kavaratti area lies between 3.49 and 
8.99 m/s which shown in Fig. 6.6. The maximum speed of the wind is found in the 
month of June at a speed of 5.21 m/s. The average annual temperature in Kavaratti 
area is 27.3319 °C.

All these real-time data (Figs. 6.5 and 6.6 and Table 6.1) simply indicate that the 
chosen location has the best possibility of solar and wind power generation, espe-
cially in the form of the hybrid energy system. Therefore, the chosen location is 
good for renewable energy generation.

7.2  Hourly Energy Generation Analysis

This case study analysis is mainly based on the 24 h based real time data of solar 
radiation (kW/m2) and wind speed (m/s) of one day of February month, obtained 
from the website of NASA Prediction of Worldwide Energy Resources (NASA 
Prediction of Worldwide Energy Resources 2019). This data of February month 
mainly used to perform a 24 h analysis for understanding all the different situations 
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that the hybrid system mainly faces. By utilizing this data in the simulation model 
of hybrid energy system, solar power, solar voltage, wind power and wind voltage 
are obtained as shown in Table 6.2. Table 6.2 indicates the hourly results of the 
hybrid energy system. To expand the use of renewable energy sources for control-
ling the dangerous impacts of climate change in Kavaratti, Lakshadweep Island, this 
analysis promotes the utilization of solar and wind power instead of non-renewable 
energy sources based power generation using the hybrid energy system concept. 
Figure 6.7 indicates the hourly scenario of solar power in kW. Figure 6.8 indicates 
the hourly scenario of wind power in kW. Figure 6.9 indicates the hourly scenario 
of excess power sending to the grid after fulfilling the load demand and Fig. 6.10 
indicates the hourly scenario of required power taking from the grid for fulfilling the 
load demand in kW.  The total energy generation and consumption scenario of 
hybrid energy system in Kavaratti, Lakshadweep, India is shown in Table 6.3.

Fig. 6.5 The average solar radiation (kWh/m2/d) and clearness index of Kavaratti, 
Lakshadweep, India

Fig. 6.6 The average wind speed (m/s) of Kavaratti, Lakshadweep, India
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Table 6.1 The monthly average data of ambient temperature (°C)

Ambient temperature in °C
Month Minimum °C Daily low °C Average °C Daily high °C Maximum °C

January 27.1577 27.1577 27.1576 27.1577 27.1577
February 26.8477 26.8477 26.8477 26.8477 26.8477
March 27.1777 27.1777 27.1777 27.1777 27.1777
April 27.6977 27.6977 27.6975 27.6977 27.6977
May 28.1276 28.1276 28.1276 28.1276 28.1276
June 27.9976 27.9976 27.9979 27.9976 27.9976
July 27.2177 27.2177 27.2176 27.2177 27.2177
August 26.9177 26.9177 26.9179 26.9177 26.9177
September 26.8677 26.8677 26.8678 26.8677 26.8677
October 26.9077 26.9077 26.908 26.9077 26.9077
November 27.3777 27.3777 27.3777 27.3777 27.3777
December 27.6877 27.6877 27.6875 27.6877 27.6877
Annual 26.8477 27.3319 27.3345 27.3319 28.1276

Table 6.2 The hourly results of hybrid energy system

Hours of 
a day

Solar 
Radiation
(kW/m2)

Wind Speed 
(m/s)

Solar 
Power 
(kW)

Solar 
Voltage (V)

Wind Power 
(kW)

Wind 
Voltage (V)

0 0 2.284543 0 0 3.12086 684.2
1 0 2.74815 0 0 9.857.71 1216
2 0 3.166489 0 0 22.98966 1857
3 0 3.42009 0 0 36.00651 2324
4 0 3.561609 0 0 45.48363 2612
5 0 4.052288 0 0 94.40113 3763
6 0 3.918661 0 0 78.24984 3426
7 0.0749713 3.699776 607.3 7793 56.53163 2912
8 0.2469629 3.181849 6359 25,220 23.63793 1883
9 0.4613641 3.202515 11,160 33,410 24.55041 1919
10 0.7416899 3.685511 12,870 35,880 55.296 2880
11 0.9480524 3.771765 13,570 36,840 63.07851 3076
12 1.015523 3.851352 13,750 37,080 70.98113 3263
13 0.9372602 4.18636 13,540 36,800 11.310774 4119
14 0.9209787 3.561713 13,490 36,730 45.51846 2613
15 0.6545269 3.318367 12,480 35,330 30.21761 2129
16 0.2806644 2.421205 7700 27,810 4.50785 822.3
17 0.1788829 2.479518 3448 18,570 5.23094 885.8
18 0.0133514 2.436653 19.24 1387 4.69168 838.9
19 0 2.497638 0 0 5.47345 906.1
20 0 2.775878 0 0 10.46673 1253
21 0 2.788477 0 0 10.7527 1270
22 0 2.073891 0 0 1.6667 500
23 0 1.290287 0 0 0.042273 79.63

6 Role of Hybrid Energy System in Reducing Effects of Climate Change
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Fig. 6.7 The hourly scenario of solar power in kW

Fig. 6.8 The hourly scenario of wind power in kW

From Figs. 6.5, 6.6 and Table 6.1, it is clear that the chosen location has the best 
possibility of solar and wind power generation, especially in the form of the hybrid 
energy system. From the Table 6.2, Figs. 6.6, 6.7, 6.8, 6.9, 6.10 and Table 6.3, it is 
clear that the hybrid system is profitable, feasible and environmentally friendly. 
Since this hybrid system utilizes solar and wind power sources so no greenhouse 
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Fig. 6.9 The hourly scenario of excess power sending to grid after fulfilling the load demand in kW

Fig. 6.10 The hourly scenario of required power taking from the grid for fulfilling the load 
demand in kW

gases emitted, therefore the hybrid system is environmentally friendly. The total 
excess energy sending to the grid after fulfilling the load demand is more than the 
required energy taking from the grid for fulfilling the load demand, which indicates 
that the hybrid system is profitable. In the time duration of 0:00 to 5:00  h 
(12:00–5:00 AM), solar power is not available so the load demand is fulfilled by the 
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combined power of wind farm and the grid. In the time duration of 5:00–7:00 h 
(5:00–7:00 AM), solar power is not available so the load demand is fulfilled by wind 
power, and excess energy sending to the grid. In the time duration of 7:00–17:00 h 
(7:00–5:00 PM), load demand is fulfilled by the combined power of wind farm and 
PV array system, and excess energy sending to the grid. In the time duration of 
17:00 to 23:00 h (5:00–11:00 PM), solar power is not available so the load demand 
is fulfilled by the combined power of wind farm and the grid. In the time duration 
of 23:00–0:00 h (11:00–2:00 PM), the combined voltage of the wind farm and PV 
array system is less than 440 V, so wind farm and PV array system disconnected 
from the GEL and load demand is fulfilled by grid. Therefore, it is clear that the 
hybrid energy system with its protection system working properly and it indicates 
that the hybrid system easily managing the fluctuation of energy from solar and 
wind energy sources.

8  Conclusion

The overall conclusion of this analysis is that the grid connected solar-wind hybrid 
energy system successfully solving the problems regarding the power generation 
using renewable energy sources with a profitable business. The total excess energy 
sending to the grid after fulfilling the load demand is more than the required energy 
taking from the grid for fulfilling the load demand, which indicates that the hybrid 
system is profitable. Since this hybrid system utilizes solar and wind power sources 
for fulfilling the load demand, so no greenhouse gases emitted, therefore the hybrid 
system is environmental friendly. This chapter provides a detailed discussion about 
the topic climate change and it also includes discussion on the harmful effects of 
non-renewable energy sources on the environment and the need of renewable energy 

Table 6.3 The scenario of total energy generation and consumption of hybrid energy system on 
Kavaratti, Lakshadweep, India

Energy generation scenario of hybrid energy system
Component Generation (kWh/day) Percent (%)
PV array system 108993.54 99.00596255
Wind farm 714.0641 0.648631153
Total required energy taking from grid 380.2504 0.345406313
Total 110087.8545 100
Energy consumption scenario of hybrid energy system
Component Consumption (kWh/day) Percent (%)
AC primary load 1200 1.088555337
Total excess energy sending to grid 109037.85 98.91144466
Total 110237.85 100
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based hybrid energy system to combat climate change. In this chapter a 24 h case 
study analysis is done by taking the real time data of solar radiation and wind speed 
of a selected location. The results of this analysis indicate that the hybrid system is 
profitable and environmentally friendly. This analysis simply gives an idea about to 
what extent there will be the generation of power and how much it will be helpful to 
this environment. In addition, this analysis also indicates that the hybrid energy 
system with its protection system working properly and also successfully managing 
the fluctuation of energy from solar and wind energy sources. This work can be 
further extended by connecting energy storage system or biogas power plant with 
the hybrid energy system for decreasing its dependency on the grid.
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Chapter 7
Sustainable Solar Energy

George Loumakis

Abstract Solar energy is one of the most rapidly developing renewable energies in 
the world. The global solar PV market has been exceeding future market projections 
and giant untapped markets are only now waking up. For many years proposals have 
been made about using the Sahara desert as a place where a gigantic solar farm 
would be able to power the world. But is solar energy always the best solution out 
there? What can hold it back? What are some major drawbacks it has? Νοt all solar 
energy applications are created equal. Even amongst certain applications  – for 
example PV- there are numerous technologies that are competing for greater effi-
ciency, lower cost etc. In fact this can go even further, as apart from the more main-
stream PV and solar thermal panels, other applications exist such as solar parabolic 
troughs, solar concentrators, solar desalination, solar ponds etc. This chapter will 
provide an overview of various solar technologies, explain their characteristics and 
discuss scenarios for best practice in regards to maximising energy yield, minimis-
ing environmental impacts and making sure that solar energy is used in the most 
sustainable way possible.

Keywords Solar energy · PV · Solar thermal · Non-conventional solar energy 
technologies · Solar towers · Passive solar

1  The Solar Resource

Sun deities have been worshiped across the world for millennia and a very brief 
search for their number online returns a very large number of results. Indicatively 
Merriam-Webster’s encyclopedia of world religions (1999) alone lists hundreds of 
sun deities from all parts of the world amongst civilisations spanning millennia. 
That alone can be considered as proof of the importance that the sun has played 
throughout human evolution.
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Many reasons can be attributed to that, including the ability of the sun to bring 
an end to the perils that are found during nightfall in the form of predators, colder 
weather and losing the ability to see far away. On more scientific terms though, the 
sun is a literal life giver, as it is through photosynthesis that plants can grow. Plants 
are the basis of our ecosystem, so that alone shows the worth the sun has on life in 
general. Incidentally the word that usually describes the sun in the Greek language 
is ζωοδότης (pronounced zo-o-tho-tes) which when translated means lifegiver.

Our sun is a G-type main sequence star that makes up for 99.86% of the total 
mass of our solar system. It has a mean distance to the earth of 150,000,000 km, 
which is the equivalent of 1 astronomical unit (AU). It is composed of almost three 
quarters Hydrogen while the rest is predominantly Helium with trace of other ele-
ments by mass such as carbon, neon, iron and others. As with every star, the energy 
given off by the sun is due to nuclear fusion – more specifically hydrogen to helium 
which is a proton-proton reaction. Other very small amounts of energy from the 
carbon-oxygen-nitrogen cycle (CNO). This latter cycle is the predominant form of 
fusion in larger stars, typically at 1.3 times the mass of our sun.

All in all the sun gives us 174 PettaWatts (PW) of incoming solar radiation in the 
upper layers of our atmosphere, with almost 30% being reflected back and the rest 
being absorbed by our planet. When talking about solar energy it is useful to distin-
guish between 2 definitions that unfortunately end up being used almost inter-
changeably in real life.

• Insolation refers to the total amount of solar radiation energy received on a given 
surface and is measured in MJ/m2. A very common unit is also the Wh/m2 
whereas an older unit that is rarely used nowadays is the Langley (equal to 
1 cal/cm2)

• Irradiance is the power (radiant flux) of light that is received over a surface and 
is usually measured in W/m2.

Seeing the units that are used for insolation and irradiance, we can tell that inso-
lation is a measurement of energy carried by light for a given surface area, whereas 
irradiance refers to the power of light over an area. When using the general term 
sunlight we talk about the electromagnetic radiation coming from the sun that has a 
spectrum spanning from infrared to UV. Sunlight can also be roughly broken down 
into categories, direct and diffuse light. Direct light is light coming to use via 
absence of cloud coverage, whereas diffuse light is light that comes through cloudy 
conditions.

The average value of extra-terrestrial solar radiation at the edge of our atmo-
sphere is 1367 W/m2 – known as the solar constant- with a variation of 3.3% higher 
in January to 3.3% lower in July. That variation can be explained by the actual Sun- 
Earth geometry. A rough approximation that even to this day is taught in elementary 
education is that the Earth revolves around the sun in a circle. This is an oversimpli-
fication, whereas the more accurate representation is that the earth moves around 
the sun in an elliptical orbit thus being closer in January and further away in June. 
This is showcased in Fig. 7.1 below.
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At the Earth’s surface at zenith, total direct radiation is 1050 W/m2 with the total 
amount of direct, diffuse and reflected being 1120  W/m2.These figures become 
extremely important in the context of solar energy because they are a very good 
indication of what we can expected as a best case scenario. Without taking any 
energy conversion whatsoever  – something that will be discussed later on- it is 
handy to remember said values because it shows us the limitations of solar energy 
usage. If the question becomes “How much area would I need in order to have X 
amount of available energy” the answer can start being as simple as “No matter 
what happens you can never get more than 1120 W/m2”. This of’course is a gross 
oversimplification but can serve its purpose as a ball park figure. In regards to the 
solar energy spectrum, almost 52–55% of available irradiance is in the infrared 
(wavelength of above 700  nm) 42–43% visible (400–700  nm) with 3–5% UV 
(below 400 nm).

Light in a nutshell is electromagnetic radiation and its spectrum is a mixture of 
photos with different energies – the lower the wavelength the higher the energy they 
carry. As it is electromagnetic radiation it can be transmitted, reflected, absorbed, 
re-emitted and scattered. The absorption of radiation and re-emission of said radia-
tion in the infrared spectrum especially is of great interest but as this is a chapter 
about solar energy and its applications and not the nature of light and electromag-
netic radiation itself, there is no need to delve deeper into the above.

As solar radiation reaches the Earth, as mentioned above, some of it gets reflected 
by the atmosphere whereas the rest follows a complicated path of absorption, re 
emission, reflection etc. A breakdown of this can be seen below in Fig. 7.2.

Incidentally it is by seeing this that we can understand the effects that humans 
have on climate change. By releasing large amounts of carbon dioxide in the atmo-
sphere the balance is tipped by increasing the amount of radiation absorbed by the 
atmosphere thus limiting the ability of our planet to cool down.

Fig. 7.1 Monthly extra-terrestrial irradiance for circular and elliptical orbits

7 Sustainable Solar Energy



142

Although it is a well-established fact that the Earth orbits the Sun, as also men-
tioned above, it is a useful tool to know the perceived movement of the Sun around 
the earth, especially for most calculations that have to do with solar energy. Hence 
we use the horizontal system which is centered on an observer. This system consid-
ers the Earth as the center of the universe. The Sun, planets, stars and other objects 
are all attached to the surface of the hypothetical celestial sphere. This very simpli-
fied model helps us predict the motion of the sun. The beauty of the horizontal 
system is that is acts as a natural reference of all observers as can be illustrated in 
the following Fig. 7.3.

With this system the position of Sun only requires knowledge of two angles, the 
elevation (usually found as h) and the azimuth angle gs. The elevation determines 
the height angle of the sun (how high the sun is located in the horizon) and the azi-
muth shows the angle between due south and the position of the Sun (in the Northern 
hemisphere)-so effectively it can show us where the sun is located from east to west.

If it were to be described in very simple terms, then the sun has two simultaneous 
paths it follows. One is from east to west (sunrise to sundown, indicated by the azi-
muth angle) which happens on a daily basis and the other one determines the height 
the sun will be at (for the Northern hemisphere that would be lower for winter and 
higher for summer, indicated by the elevation). Between these two movements, the 
position of the sun can be determined for any given time and date. Finally we should 
remember that in the Northern hemisphere the sun will always be facing 

Fig. 7.2 Solar radiation interaction with the Earth - units are PW
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Fig. 7.3 The horizontal system

southwards, whereas it is the opposite in the southern hemisphere. As the math of 
calculating the perceived movement of the sun around the Earth gets a bit compli-
cated, a very good online tool that helps us track the sun’s path can be found at 
www.suncalc.org.

From a solar energy perspective all of that matters because we need to know how 
much solar energy is available to us but also at what angles the solar radiation will 
be incoming in order to find the ideal orientation of any of our solar devices. Each 
solar column in the below illustration effectively “contains” the same amount of 
energy. Due to different geometry though, it is dispersed at larger surfaces and thus 
would require either a larger installation to capture the same amount of energy, or 
requires to be angled- for that specific instance, as is illustrated in Fig. 7.4 below.

This of’course causes issues when trying to estimate how much available solar 
energy we have because that changes during the day. The sun rises, amount of avail-
able energy increases until it reaches a maximum value – solar noon, where the 
elevation is maximum- then decreases until sunset. This gets more complicated by 
two factors. The first one is that the elevation changes every day and the second one 
has to do with weather interference. More cloud coverage means more radiation is 
absorbed and scattered by the clouds, thus increasing the amount of diffuse radia-
tion and lowering the amount of direct. Of’course under a very cloudy day the 
combined amount of diffuse and direct radiation would be lower than the amount 
we can get on a sunny day. It’s no wonder that solar energy installations are more 
prevalent in places where the weather is typically less cloudy. Because of these 
complications with solar energy, assessing energy yield can be difficult so testing is 
done under the standard testing conditions (STC) which assume a temperature of 
25°, an air mass of 1.5 (the sun being about 41° above the horizon) and an irradiance 
of 1000 W/m2.

7 Sustainable Solar Energy
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Finally some clarification need to be given between a common confusion because 
of two very similar sounding solar related units – the (peak) sun hour the sunlight 
hours. Sunlight hours show you the amount of time per day you have sunlight 
whereas the peak sun hour is the equivalent to the number of hours that the solar 
irradiance would be at a peak level of 1000 W/m2. Simply put if a site receives a 
total of 3000 Wh/m2 over a whole day, that would be the same as receiving 1000 W/
m2 for 3 h. This 1000 W/m2 value is very close to the maximum possible available 
irradiance as discussed earlier.

1.1  Solar Photovoltaics

Solar power can be harnessed in a way that it provides electricity, which happens via 
using solar photovoltaics or PV as it is most well known. The word photovoltaic is 
a combination of two words from two different languages. Photo comes from the 
Greek word phos (φως) which means light, and voltaic is from the Italian pioneer of 
electricity Alessandro Volta. Solar photovoltaics (PV) comprise interconnected 
solar cells, electric devices that use the photoelectric effect in order to convert sun-
light to DC electricity. The photoelectric effect, first noticed by Edmond Becquerel 
and subsequently explained by Albert Einstein is when some materials – semicon-
ductors- emit electrons when light shines upon them. As such, semiconductors are 
the basis for every PV technology. When talking about solar panels, we are 

Fig. 7.4 Dispersion of light over surfaces
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effectively talking about many solar cells connected together. Figure  7.5 below 
shows a small scale PV panel in which the solar cells (in blue) are interconnected 
via the small metal contacts to the partly exposed bigger metal contact.

PV panels have a variety of uses that are, but not limited to, for electricity gen-
eration in buildings, small or large scale solar farms, building integrated PV where 
the PV panels act as part of the fabric of a building, floating PV installations, power 
sources for sensors, power sources for weather stations, power sources communica-
tions towers, power sources for road signs, PV assisted irrigation, solar lights, solar 
chargers etc. Effectively they act as small to large scale variable DC generators.

Silicon is the most common semiconductor material for making PV cells because 
it’s fairly cheap and abundant. Other well-known semiconductors used for PV are 
Cadmium Telluride (CdTe) and Copper Indium Gallium Arsenide (CIGS). Silicon 
PV cells are broken down into three main categories – Monocrystalline Silicon PV 
cells, Polycrystalline Silicon PV cells (sometimes found as multicrystalline) and 
Amorphous Silicon PV cells.

Monocrystalline Silicon PV cells exhibit typically the highest efficiencies 
amongst the three with types with typical figures being between 13 and 17%. They 
are made from a single crystal of silicon that is grown from highly pure molten sili-
con using the Czochralski crystal growth process developed by Jan Czochralski. 
This process is completed by dipping a silicon seed crystal to molten silicon. This 
process is generally energy intensive and as such, monostrycalline tends to be more 
expensive overall. Physically it exhibits smooth textures and is typically thick. It has 
a very rigid structure and thus frame mounting is usually recommended.

Polycrystalline Silicon PV is also produced from highly pure molten silicon, but 
instead of a seeding, it is made using a casting process. It is effectively made from 
a slice cut from a block of silicon thus containing different crystal structures. Typical 
efficiencies are in the range of 11–15% making it slightly less efficient that 

Fig. 7.5 Small scale solar 
PV panel
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monocrystalline but at a lower cost. A common characteristic of polycrystalline sili-
con PV is a blue appearance which is due to an anti-reflective layer.

Amorphous silicon is made from non-crystalline silicon and is typically very 
thin, with expected thicknesses of the semiconductor materials being only 
0.5–2.0 μm thick. As such amorphous silicon can be flexible. The construction of 
said PV cells involves depositing a gaseous layer of amorphous silicon on a usually 
glass substrate. It exhibits the lowest efficiencies of all Silicon cell with expected 
ranges being between 6 and 9% and has a glossy dark to dark brown appearance. An 
interesting characteristic of amorphous silicon PV is that it has 20% better perfor-
mance on hot environments and up to 12% better performance in low and diffuse 
light conditions when compared to equally rated crystalline modules. Because of 
these characteristics, amorphous silicon cells are used a lot in indoor environments 
for low energy applications such as calculators, sensors etc.

Apart from these three very popular types of solar cells newer ones include 
organic solar cells, polymer solar cells, quantum dot solar cells, dye-sensitized solar 
cells, copper zinc tin sulphide (CZTS) cells, perovskite cells and multijunction 
cells. A very brief rundown of some of these is shown below-note that this list is not 
exhaustive.

Dye sensitized 
cells

Typically low cost, thin film. Absorption of photons occurs in dye molecules 
at a porous structure of TiO2 in an electrolyte. Lower efficiencies that typical 
thin film technologies but at a lower cost. The electrolyte has temperature 
stability problems that can potentially cause it to freeze at low temperature. 
Furthermore it contains various amounts of volatile organic compounds and 
as such it needs to sealed.

Organic solar 
cells and 
polymer solar 
cells.

Thin film technology, made from conducting polymers such as 
polyphenylene vinylene (PPV) and p-type copper phthalocyanine and n-type 
bisbenzimidazo[2,1-a:2′,1′-a’]anthra[2,1,9-def:6,5,10-d’e’f’]diisoquinoline- 
10,21-dione. Their main characteristic is that the analogous p-n junction isn’t 
layered, but the donor and acceptor area is mixed together in an amorphous 
structure with different regions. They can be printed at a relatively low cost 
but currently their efficiencies are very low.

Perovskite solar 
cells

Made from CaTiO3 (calcium titanate also known as Perovskite) and lead or 
tin halide based materials- cheap to make. This is a fast advancing technology 
almost quadrupling their efficiency in 7 years (from 3.6% to 21%). No 
commercial modules are available yet and they have issues with stability

Multi junction 
cells

This is a generic category of solar cells whose main characteristic is the 
usage of various semi conductors that absorb light at different frequencies in 
order to maximise energy capture.

When it comes to installing PV, the ideal scenario would be that we want the PV 
systems to be facing the sun at a right angle at all given times. That can be achieved 
via a tracking system which comes in two configurations, single axis and dual axis. 
A single axis tracking system tracks the sun from east to west, whereas a dual axis 
tracking system apart from east to west, also follows the elevation of the sun and 
makes sure the PV system is at any given time at a right angle. A well calibrated 
tracking system can lead to an increase of up to 40% in energy yield compared to a 
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static system. This sounds very good in theory but the problem with tracking sys-
tems is that they cost energy to run (usually fed by the PV system itself) and make 
the system more complicated and this more costly. Whether the energy increase you 
get from the tracking system is enough to offset the energy cost for the tracking 
system to operate and the added complexity cost (leading to higher maintenance 
cost) depends greatly on the location, efficiency and status of the PV array, shading 
etc. As such a straight answer cannot be given as to whether tracking systems are 
worth it.

Carrying on from the above, for static installations there are certain rules of 
thumb we follow. These can be summed up very quickly with the following. Mind 
you though that this assumes an even distribution of solar energy throughout the 
year. For example, in cases in the Northern hemisphere where we have more solar 
energy during the summer, the ideal angle will be shallower (the sun is 
higher) whereas with increased solar energy during the winter months, the ideal 
angle is steeper (the sun is lower).

• For maximum efficiency throughout the year for a fixed installation, PV panels 
have to be facing south (for the northern hemisphere and vice versa for the 
southern)

• For latitudes below 25°, the optimum inclination angle for the PV is 
latitude∗0.87

• For latitudes between 25° and 50° the optimum angle is latitude∗0.87 + 3.1
• For latitudes above 50° we typically use the same angle as the latitude
• If we are looking for maximum energy capture before midday, the PV system 

should be facing east. For maximum energy capture after midday, the PV system 
is faced west.

• The available energy will always be equal to E = H∗A∗η where H is your insola-
tion (energy per surface area) at the angle of your panel, A is the effective area of 
the PV system and η the efficiency. The power is always E = I∗A∗η where I is 
your irradiance (power per surface)

A very good database using GIS data regarding global available solar energy can 
be found from the Global Solar Atlas via this hyperlink https://globalsolaratlas.
info/. Through that online tool we have at our disposal the available solar energy for 
most regions of the world gathered together using years of combined satellite and 
weather data.

A mention should be made about the rest of the components that make up a PV 
system. These come under the umbrella term “Balance of System (BOS) compo-
nents” and they can include cables, fuses, earthing and lightning protection, batter-
ies, charge regulators, low voltage disconnects, inverters, tracking systems, sensors, 
frames, fittings etc. An interesting fact that shows how much the price of PV panels 
has dropped dramatically over the years has to do with how much money the BOS 
contributes to the system itself. In 2008, 68% of the cost of a PV system was the 
panels themselves, whereas in 2015 that percentage had dropped 32% according to 
industry’s average figures.
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When it comes to how PV systems are connected there are again different ways. 
The most popular method in places where there is adequate infrastructure, the PV 
system is grid connected. If the PV system is installed on a building, the generated 
electricity is exported and sold to the grid, whereas the building buys electricity 
from the grid. The prices that electricity is sold and bought are negotiated and it isn’t 
uncommon to have feed in tariffs that make the export of electricity a profitable 
affair. In the absence of a grid then the PV system is a stand alone system, usually 
coupled with a back up system in the form of batteries. There are more specialized 
(and somewhat rare) installations where a building is powered both by PV and the 
grid at the same time. That requires separate electrical lines and as such isn’t com-
monly used.

Thus, most connection regimes will fall under the following four categories

 1. PV electricity directly to the building – requires careful planning, sizing and a 
back up system.

 2. PV electricity and grid electricity used directly in the building.
 3. PV electricity exported to the grid and grid electricity to the building – very com-

mon in places with existing electrical infrastructure.
 4. PV electricity used in the building and the excess sold to the grid  – very 

uncommon.

1.2  Energy Payback Period and Issues

PV panels – as with every technology – require energy to be made. That is mostly 
attributed to the melting of Silicon, as discussed earlier, but large amounts of energy 
are used up in mining the materials, making the electrical components, assembling 
the panels etc. The Fraunhofer institute, a major research center for PV technologies 
has done some work on calculating energy payback periods for PV and depending 
on the place in the world, the type of installation and the technology used, by assum-
ing a global irradiance of 1000 kWh/m2 annually energy payback is from 3.5 years 
and less. Having said that, a PV installation that is badly maintained is shaded and 
has corroded electrical connections – to name a few issues- will be grossly under-
performing and as such above values wouldn’t apply.

The disposal of PV panels can be an issue as well as currently there are only very 
few companies that recycle PV panel materials. Finally something that should be 
mentioned is the expected loss of efficiency of a PV panel. Typical figures are 
around the 0.5% loss of efficiency per year. That is a combination of various issues 
such as the glazing/encapsulant becoming less transparent due to the effects of solar 
radiation, material defects, electronics deterioration etc.

A final issue about PV might seem a bit counter intuitive. This has to do with the 
fact that they tend to exhibit lower performance with increasing temperatures-which 
is what tends to happen with increased insolation. As such, PV panels can benefit 
from passive and/or active cooling. The PVT panel tends to address this issue. PVT 
stands for Photovoltaic Thermal and is a hybrid PV/solar thermal panel. The front 
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of the device is a normal solar PV panel and on the back of it tubing is circulating a 
thermal fluid using the same operating principle as a solar thermal collector- dis-
cussed in more detail below. This way the PV panel is actively cooled down thus 
having its performance increased and at the same time we also have heat production 
via the thermal panel part. These kinds of devices tend to be a bit more complex to 
manufacture, install, operate and maintain. Other active efforts to cool PV panels 
utilize Peltier devices (thermoelectric generators). The typical passive way to cool a 
PV panel down is to raise it slightly – in a roof installation- so air is circulated below 
it. This has an interest prospect in the case of BIPV where the waste heat could be 
used for the building itself.

1.3  Solar Thermal Collectors

In contrast to solar PV that produces electricity, solar thermal collectors  – also 
known plainly as solar collectors – produce heat. There are many different types and 
classifications of solar collector, but most commonly they can be regarded as spe-
cialized types of heat exchanger that absorb solar radiation from the sun in the form 
of heat and then transfer that heat into a circulating fluid. This fluid is usually either 
air and used to heat a living or other indoor space directly, or a liquid and used to 
generate hot water stored in a tank. In these types of collectors, that heat can be 
distributed along a network of tubing via a medium called solar fluid and is usually 
a mixture of water and a type of antifreeze in varying concentrations.

In terms of how the fluid or air is circulated, solar collectors can be either passive 
or active systems. Passive solar collectors use the natural buoyancy of water or air 
in order to ensure circulation through the collector. Since hot water is less dense 
than cold water, the cold water entering at the inlet is heated up and then starts cir-
culating naturally. This effect is called thermosiphoning and solar water heaters of 
this kind are very common in the Mediterranean countries (Mauthner et al. 2016). 
Passive and active systems are showcased below in Fig. 7.6.

Fig. 7.6 Passive and active solar systems
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Active solar collectors for water heating use pumps to circulate the water or 
working fluid. Although pumps need energy, the main advantages of active solar 
collectors, compared with passive systems, is that the flow can be regulated accord-
ing to requirements and there are fewer restrictions of the configuration of the sys-
tem. In the case of air collectors, instead of pumps, fans are predominantly used.

1.4  History of Solar Collectors

The first known use for solar energy can be found at the seventh century BC where 
concave glass pieces were used to focus sunlight in order to start a fire. The ancient 
Greeks and Romans have been recorded to use elements of passive solar techniques 
in houses in order to utilise heat gain from the sun. In fact Priene, Πριήνη in ancient 
Greek, which was an ancient Greek city located at the base of mount Mycale, in the 
west cost of central Anatolia, modern Turkey, was one of the first examples of using 
wide city planning and optimised passive solar orientation (Perlin 2013).

The first recorded scientific study for the fundamentals behind solar thermal col-
lectors was made by a Swiss naturalist named Horace Bénédict de Saussure in the 
1760s in Geneva, Switzerland. De Saussure is credited, amongst others, as the 
founder of alpinism and modern meteorology. According to his observations, the air 
temperature was significantly higher when the sun rays passed through glass sur-
faces into a glass covered structure such as a conservatory, a coach or a room with 
windows.

What Horace Bénédict de Saussure was witnessing was in fact a manifestation 
similar to the greenhouse effect. In order to test out his hypothesis in 1767 he built 
an insulated box whose bottom was painted black in order to absorb as much sun-
light as possible and the top was covered with two sheets of glass. According to his 
observations, when the box was placed orientated towards the sun, the inside tem-
perature would far exceed the temperature needed to boil water. (Solarcooking.org 
2013) This insulated box formed a basis for the design of modern solar thermal air 
heaters and demonstrated the greenhouse effect. A very similar design to this box 
was the solar oven used by Sir John Herschel during his South African expedition in 
the 1830s in order to cook food (Turner 2013). A rendition of De Saussure’s hot box 
can be seen below.

The first commercial solar water heater was patented in 1891 by Clarence 
M. Kemp. It was a very simple design with cylindrical tanks fitted in pine boxes 
lined with felt paper and covered with single pane glazing. It was offered in various 
sizes from 121 litres up to 2650 litres (Bainbridge 1981). Since then, many different 
designs have been proposed, with the two most common types being the glazed flat 
plate collector and the evacuated tube collector. Other designs include air collectors 
and pool collectors – which are in fact simplified unglazed versions of flat plate col-
lectors. Another popular design is the batch or integrated storage collector – some-
times referred to as the breadbox solar collector- which is discussed in more detail 
later on.
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1.5  Flat Plate Collectors

Flat plate collectors consist of a dark flat-plate absorber, a transparent glazing that 
allows solar energy to pass through but reduces heat losses and a heat transfer fluid 
that is usually water mixed with glycol to act as antifreeze, to remove heat from the 
absorber and insulation. The absorber consists of a thin sheet usually of aluminium 
or copper to which black or selective absorber paint is applied. The working fluid 
absorbs heat from the absorber and is then circulated through a heat exchanger to an 
insulated water tank and therefore it is a closed loop system (Duffie and Beckman 
2013). A simplified outline of a flat plate collector can be seen in Fig. 7.7 below.

Typical materials for flat plate collectors include aluminum for the absorber 
plate, copper for the tubing and glass for the glazing. Unconventional materials such 
as polymers have been used as well with varying results when it comes to efficien-
cies and costs (Loumakis 2018).

1.6  Evacuated Tube Collectors

Evacuated tube collectors, also called cylindrical absorber arrays or heat pipe evac-
uated tube collectors consist of a metal heat pipe, made usually from copper, to 
which an absorber plate is attached, inside a vacuum-sealed solar tube. The heat 
pipe is hollow and the space inside contains alcohol such as glycol or purified water 
at reduced pressure. When solar radiation is absorbed by the surface of the absorber, 
the liquid evaporates and rises to the top of the pipe which is sealed and inserted into 
a manifold. Water, or a water –glycol mixture, flows through the manifold and picks 
up the heat, while the fluid in the heat pipe after releasing the captured heat, con-
denses and flows back down the tube for the process to be repeated. (Duffie and 
Beckman 2013)

An advantage of heat pipes over direct-flow evacuated-tubes is the “dry” connec-
tion between the absorber and the header or manifold which makes installation 

Fig. 7.7 Cut away of a flat plate collector
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easier and also means that individual tubes can be exchanged without emptying the 
entire system of its working fluid. A drawback of heat pipe collectors is that they 
must be mounted with a minimum tilt angle of around 25° in order to allow the 
internal fluid in the heat pipe to circulate. The vacuum that surrounds the outside of 
the tube greatly reduces convection and conduction heat loss to the outside, there-
fore achieving greater efficiency than flat-plate collectors, especially in colder con-
ditions. This advantage is largely lost in warmer climates, except in those cases 
where very hot water is desirable, for example commercial process water. The high 
temperatures that can occur may require special system design to avoid or mitigate 
overheating conditions (Heliodyne 2011). A design for an evacuated tube collector 
is shown below in Fig. 7.8.

1.7  Batch Collectors

Smyth et al. (2006) investigated the Integrated Collector Storage Solar Water Heater 
(ICSSWH), sometimes referred to as a “breadbox collector”, which was developed 
from very early systems comprising of a simple black tank placed facing the sun. 
The ICSSWH, by its combined collection and storage function suffers substantial 
heat losses to ambient, especially at night-time and non-collection periods. They 
mention that in order to be viable economically, advancements incorporating glaz-
ing systems, insulation, configurations with reflectors, internal and external baffles, 
use of evacuation and phase change materials have been made. Their advantages 
over flat plate collectors and evacuated tube collectors are that they resist freezing 
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Fig. 7.8 Evacuated tube collector (Public domain image – US Department of Energy)
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in most climates and have generally lower costs. However they remain much less 
common than the aforementioned types of collectors. A novel design of integrated 
collector storage solar water heater by Souliotis et al showed that the thermal behav-
iour of the system was comparable to that of a flat plate thermosiphon collector with 
a thermal loss coefficient during the night similar for both collectors (Souliotis et al. 
2011). Helal et al. (2011) designed an integrated collector storage solar water heater 
using parabolic reflectors in order to cover the needs for a family composed of four 
individuals. The comparison between their system -both theoretical and experimen-
tal- and conventional integrated collector storage solar water heaters with symmetri-
cal and asymmetrical compound parabolic concentrating reflectors shows better 
performance, despite the much simpler design. A design for a batch collector can be 
seen below in Fig. 7.9.

1.8  Potential for Solar Collectors

Flat plate collectors and evacuated tube collectors make up 93.2% of total installed 
capacity and most of the remaining 6.8% are unglazed solar collectors, used mainly 
to heat swimming pools, or air-heating collectors used for space heating. Evacuated 
tube collectors have become the most prevalent type with usage of 71.1% in total 
compared to 22.1% for plat plate collectors, attributed mostly to the huge growth of 
the Chinese market in the last few years, where evacuated tube collectors are the 
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preferred technology. The countries with the largest capacity (per head of popula-
tion) are Israel, Cyprus, Austria, Greece and Barbados which all boast a very high 
solar resource. The total capacity in operation at the end of 2016 was 410.2 GW, 
corresponding to a total of 586 million m2 of collector area. In total numbers, China 
is by far the biggest user of solar thermal technologies, showing a total capacity of 
289.5 GW and Europe being the second user with a capacity of 47.5 GW. This fig-
ure accounts both for water and air collectors (Mauthner et al. 2016). Another dis-
tinction that can be made is between active systems and passive systems. In the 
United States, Europe and Australia pumped systems are predominant, whereas in 
other large markets, namely in Japan, Brazil and China, thermosiphon systems are 
more common. Thermosiphon systems have better efficiencies in warmer climates, 
whereas pumped systems with heat exchangers are better suited for colder climates 
(Mauthner et al. 2016).

1.9  Solar Energy Markets

At the time of writing solar energy is providing 3% of the world’s total electricity 
demand (Enerdata 2019). This figure might seem disheartening at first, but keep in 
mind that the solar energy markets are constantly evolving and growing. As an 
energy type, electricity is usually considered as being more useful than heat since it 
can very easily be transformed to other types of energy, is very easily transported 
over long distances and is used in a multitude of applications. As such, solar PV and 
not solar thermal is usually the energy technology we think of when talking about 
solar energy. Furthermore, solar PV has a more modern appeal whereas solar ther-
mal seems old and antiquated – not true from a technical perspective, but public 
perception is a major driving force for the markets work. Strangely enough accord-
ing to the International Energy Agency’s estimations, both the solar thermal market 
and the solar PV market are fairly similar in size with solar PV experiencing a much 
larger rate of growth. As aforementioned though, the markets are constantly evolv-
ing and in order to keep this chapter relevant you should be monitoring the energy 
markets to have an updated view on the matter. Some good publications on that 
matter  – updated annually include BP’s world energy (BP 2019), IEA’s World 
Energy Outlook (IEA 2018) and Enerdata (2019).

1.10  Non-conventional Solar Energy Technologies

PV systems and solar thermal systems dominate the solar energy market. As men-
tioned earlier PV systems can in various sizes, from extremely small such as pocket 
calculators, power for sensors, solar lights, solar chargers to very big such as solar 
farms. Solar thermal systems are mostly used in domestic and industrial settings but 
are fairly rare for very large scale installation.
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Apart from these two above mentioned solar energy applications though, some 
other less known ones exist and are beginning to gain momentum with some already 
having a proved track records, whereas others have some pilot installations. Whereas 
with PV and solar thermal systems there is a distinction between electricity and heat 
generation (with some exceptions coming from PVT systems), with non- 
conventional solar energy technologies, this distinction stops being very apparent. 
Many non-conventional systems can be used both for heating and electricity and 
they are typically more versatile. Moreover some of this applications use solar 
energy for other purposes than to give useful energy back. So although they cannot 
be classified as energy generating applications, they are still applications of solar 
energy. The following paragraphs will provide a brief overview of some of these 
technologies and applications.

1.11  Large Scale Applications

1.11.1  Solar PV

Although more well known for their small scale and domestic applications, some 
large scale industrial applications of PV exist. Currently the largest PV plant in the 
world, the Solar Star plant in Rosamond, California went live in June 2015. It is 
rated at 579 MW using approximately 1,720,000 panels and taking up a space of 
1300 hectares (SEIA 2015; Sunpower 2014).

1.11.2  Solar Parabolic Troughs

Solar parabolic troughs take advantage of the ability of a parabolic mirror to focus 
the sun’s rays at a specific focal point. At that focal point there is a tube, usually a 
Dewar tube, which contains the solar fluid that is to be heated. A Dewar tube is a 
double walled tube with an evacuated space between the walls and is used to main-
tain a contained substance at high temperature (National Renewable Energy 
Laboratory 2019). The solar fluid is then circulated and used in high heat applica-
tions. Another way that solar parabolic troughs can be used is to heat water in order 
to create steam that is then used in a steam turbine for electricity production, with 
the rest of the heat being used for low grade heat applications such as domestic heat-
ing. A simplified illustration of this is shown in Fig. 7.10 below.

1.11.3  Operating Solar Parabolic Trough Plants

Two famous examples of large scale solar parabolic trough plants can be found in 
USA, where this technology was pioneered. The Solana plant, located in Arizona, is 
currently the largest parabolic trough plant in the world. Furthermore, this plant is 
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using molten salt for heat storage. Once the sun sets and there isn’t enough solar 
radiation to continue producing heat, the molten salt releases the heat stored, thus 
being able to keep generating energy for hours after sundown. It is rated at 280 MW 
and takes up a space of 7.8 km2.

A more traditional solar parabolic trough plant is the SEGS plant located in 
California. The SEGS plant is currently the second largest solar thermal facility in 
the world while being the largest parabolic trough installation. It is located in the 
Mojave desert and is rated at 354 MW, being able to provide 662 GWh annually. It 
takes up a space of 6.5 km2 and has 936,384 mirrors in total. To provide a sense of 
scale, if all the mirrors used for the project were lined up, then the total length would 
be 370 km.

Solar parabolic troughs can operate at a smaller scale as well, but due to their 
complexity, size and very precise geometry they are usually more common in large 
scale applications.

1.11.4  Solar Towers

The concept of solar towers is another solar heating project. An array of mirrors 
using heliostats is tracking the sun and their focal point is located in a tower. Power 
plants of this type were featured in the opening scenes of the Blade Runner 2049 
film, but in terms of commercial applications, the first plant of its kind is the PS10 
solar power plant in Seville, Spain. That specific plant can produce steam at 275 °C, 
that in its turn is diverted to a steam turbine that is able to provide 11 MW of elec-
tricity. An alternative route would be to use the heat directly, but with the limitations 
of heat transfer over large distances, the electricity generation seems like a more 
viable route.

A second plant located next to the PS10 plant is also operational. It is called the 
PS20 solar power plant using the same abovementioned technology and is rated at 
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20 MW of electricity. It is effectively a bigger version of the PS10 plant. Up until 
2014 it was the largest plant of this type, when the controversial Ivanpah plant sur-
passed it.

The Ivanpah solar tower plant  – shown below in Fig.  7.11- is located in the 
Mojave desert, California, US. It consists of 173,500 mirrors taking up an area of 
14 km2. It is rated at 392 MW- a massive upscale compared to the much smaller 
PS10 and PS20 plants. It has not avoided controversy though because of its need to 
use natural gas as a start up fuel in order to avoid losing steam over cloudy periods 
(Breaking Energy 2015). Due to non ideal weather conditions, the plant currently 
uses 60% more natural gas than originally planned, leading to some doubts whether 
it should continue to be classified as a renewable energy project.

If anything this shows that this technology has a very big potential but it has to 
overcome some burdens. Using external energy sources to kick start a renewable 
energy installation isn’t unheard of – many vertical axis wind turbines require help 
with their start up. Nonetheless, this need for an external source will provide some 
challenges for the future of this technology. Another limiting factor can be the mas-
sive scale that these plants come from, making them potentially unsuitable for 
smaller sites.

Fig. 7.11 Ivanpah solar power plant, creative commons license-photo by Craig Butz
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1.11.5  Solar Furnaces

Solar furnaces use a very similar technology to Solar towers, that can be used both 
in small and large scale. In smaller scales this application is more commonly found 
as a solar cooker and will be covered later on in a bit more detail. Solar furnaces use 
parabolic mirrors to focus sunlight onto a specific focal point. Water can then be 
circulated at the focal point, providing steam that can then be used for a steam tur-
bine. The first solar furnace in the world was developed by Professor Félix Trombe 
in Mont Louis in 1949 and has been reported to develop temperatures between 
2000 °C up to 3500 °C.

The current largest solar furnace project is located in Odeillo, France. It consists 
of 10,000 mirrors that redirect sunlight to a large concave mirror. This area that the 
sunlight is focused is roughly the same as a cooking pot (P-O Life 2019) (Fig. 7.12).

1.11.6  Solar Ponds

A solar pond is pool that is filled with stratified salty water of varying salinities with 
the saltiest layer being brine (20% salt concentration or above). Because of the den-
sity gradient that is caused by the different concentrations of salt, the bottom of the 
lake accumulates water with greater salinity than the top of the lake. The water is 
transparent while the bottom of the lake is painted black thus having a high absorp-
tion coefficient. That causes the bottom of the lake to heat up, and in its turn to heat 
up the very salty layer. Typically warm water would be expected to rise but the 
increased density of the layer prevents the heated water to rise through convection, 
leading to greatly increased temperatures than wouldn’t be anticipated normally. 
The heat trapped in the bottom layer of the solar pond can be used in various heating 
applications. The working principle is shown in Fig. 7.13.

Fig. 7.12 Solar furnace, Odeillo, France, Creative commons license – photo by H. Zell
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1.11.7  Solar Desalination

Solar energy can also be used to desalinate water. There are two methods that can 
be used to desalinate water, the direct and indirect method.

In the indirect method, the energy needed to drive a conventional desalination 
plant, whether it is by reverse osmosis, multiple stage flash distillation etc. is pro-
vided by a PV system. Complementary energy sources such as wind are also often 
used, depending on where the installation might be located. An example of this set 
up can be seen in the Utrik Atoll reverse osmosis plant in the Marshall Islands (The 
Marshall Islands Journal 2014).

The direct method of solar desalination uses the principle of the solar still and is 
mostly used for small scale applications. Various designs exist, but the working 
principle in all of them is that solar energy is used to evaporate freshwater from 
brackish or seawater. The saline water is placed in a container and the container is 
covered with a sloping clear glass or plastic covering. Solar radiation is transmitted 
through the transparent layer and heats up the container thus causing the evapora-
tion of the saline water. Water vapour then condenses on the interior surface of the 
covering. It is used mostly in arid regions and smaller scale solar stills are often used 
in lifeboats or survival kits. The Texas AgriLife Extension Service in College 
Station, Texas tested four different solar still designs and it was shown that as little 
as 0.7 m2 of surface can produce enough fresh water for the survival of one person. 
(Sustainable Sanitation and Water Management 2017). Another direct method is to 
use the heat generated from solar thermal applications directly in order to evaporate 
large amounts of sea water as is seen in Fig. 7.14.

Fig. 7.13 Solar pond
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1.11.8  Solar Disinfection

Solar disinfection (SODIS) is a method of disinfection of fresh water using solar 
energy and as such it’s a very different application of solar energy. The method uses 
clear Polyethylene terephthalate (PET) bottles that are filled with the water and set 
out in the sun for at least 6 h. The UV-A rays in sunlight kill germs such as viruses, 
bacteria and parasites. The method also works when air and water temperatures are 
low, but higher temperatures speed up the process. Bacteria, viruses and parasites all 
have different sensitivities to UV-A radiation, with bacteria being easy to kill and 
viruses being killed in the 6 h recommended by SODIS. Parasites might take up to 
10 h to kill, especially cryptosporidia cysts. SODIS is recommended by the World 
Health Organisation (WHO), UNICEF, and the Red Cross as a way to treat drinking 
water in developing countries. (SODIS 2019)

1.11.9  Passive Solar Design

Passive solar design is a method of designing a house in order to achieve heating 
and/or cooling naturally using the sun. Typically, passive solar heating involves the 
collection of solar energy through well oriented windows. The correct orientation 
depends on which part of the world the building is located and the kind of applica-
tion that is needed. For all around heating of a house in the Northern hemisphere, 

Fig. 7.14 Solar desalination, by Engelbert Niehaus – LibreOffice Draw Images exported to SVG, 
CC BY-SA 4.0, https://en.wikipedia.org/w/index.php?curid=55237502
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south facing windows are used, since they maximise the energy capture throughout 
the day. The energy that is absorbed during the day is stored in a thermal mass that 
comprises of building materials that have high heat capacities. These can be Trombe 
walls, floor tiles, heavy brick walls etc. The stored solar energy can be distributed 
naturally back the surroundings through the naturally occurring mechanisms of con-
vection and radiation showcased below in Fig. 7.15 (McMullan 2007).

Passive building design can be used in order to cool a space as well, as the heated 
elements can cause a natural air circulation if the heated air is directed away from 
the building, thus drawing cooler air in. In a similar concept evaporation of water 
assisted by solar energy can help as is evident in the case of draft tower as can be 
seen in the picture below – Fig. 7.16 from the Zion National Park.

Water is allowed to evaporate at the top of the tower – typically by using cooling 
pads. The evaporation subsequently cools the incoming air causing it to travel 
downwards and into the building that brings the temperature down. This is the same 
working principles that is utilized in traditional Iranian architecture with windcatch-
ers (bâdgir in Persian) shown in Fig. 7.17 below.

1.11.10  Small Scale Applications

A mention should be made about the small scale applications that solar energy has 
a well. As mentioned before, solar stills are very important and crucial additions to 
lifeboats as well as survival packages, as they can provide a good amount of fresh 
water using minimal resources. Smaller working versions of solar furnaces can be 
found in solar cookers. Solar cookers –both commercial and DIY designs are very 
popular choices for campers and during outdoor excursions and have applications in 
rural communities in developing countries as well. Various designs exist with even 
foldable versions being sold as survival gear. The operating principle is the same in 
all of these applications. The cooking vessel -typically a lightweight metal pot- is 
placed in the focal point of the mirrors and thus absorbs a large amount of energy- 
shown below in Fig. 7.18.

Fig. 7.15 Passive solar 
design, Public domain 
image, Office of Energy 
Efficiency and 
Renewable Energy

7 Sustainable Solar Energy



162

Solar showers are also a popular choice amongst campers. The simplest design 
consists of a dark vinyl bag that contains water. The bag is left facing the sun during 
the day and that provides enough hot water for a shower, or other applications. 
Different designs, borrowing from solar thermal collectors exist as well including 
more complicated designs such as spiral wound tubing encased in a transpar-
ent cover.

1.12  Recap of Non-conventional Solar Technologies

This was only a brief mention of some solar technologies that are not as well known 
as their better-known counterparts, solar PV and solar thermal collectors. It goes 
without saying that the list is neither exhaustive nor definitive but will serve as a 
good starting guide on the different aspects of solar technology for anyone inter-
ested. No matter how complex (or not) a solar energy application is though, there is 
always a limitation that should not be forgotten. What is the maximum amount of 
solar energy we can ever have on 1 m2 of surface area? This should always be on our 
mind when thinking about solar energy applications- whether that it the mo PV 
installations tend to have a fairly high environmental footprint due to the need to 
melt large amounts of silicon. As such, although still better than fossil fuels the tend 
the be the dirtiest renewable energy out there in terms of CO2 emissions. This is on 
average though as the overall footprint will depend greatly on how the panels were 
made, were they are installed, how well they are maintained etc. It’s always good to 

Fig. 7.16 Solar cooling Public domain image P. Torcellini, R. Judkoff, and S. Hayter, National 
Renewable Energy Laboratory
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be careful when discussing environmental footprints as they tend to be very case 
specific in the case of solar energy – and other renewable energy sources in general. 
They also tend to have a high material usage per unit of energy produced. That can 
be attributed to the fairly low output they have thus bringing their material usage per 
energy cost up.

1.13  Worked Examples for Solar Energy

Here follow two examples of how we can estimate solar yield in the case of PV. For 
solar thermal applications this becomes a more complex issue that is dictated by 
how much hot water we want, at what temperature and for what tank size. Having 
said that, the approach is very similar with the main difference being that the 

Fig. 7.17 Bâdgir Creative commons license by Diego Delso
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efficiency of solar thermal collectors isn’t constant and is affect by the temperature 
difference between the collector and the ambient temperature. Calculations tend to 
get a bit tedious and as such they are left out from this general chapter on solar 
energy. Duffie and Beckman’s (2013) seminal work contains excellent examples 
and is an invaluable source for people that want to go deeper into the workings of 
solar thermal collectors.

1.13.1  Good vs Bad Site

Using data from the Global Solar Atlas we can identify what the best and the worst 
places in the world are when it comes to solar potential. These appear to be 
Antofagasta in Chile (most available solar energy) and Yamane Shi, Sichuan in 
China. The website allows you to download the GIS data for similar exercises 
like these.

Assuming the optimal angle and orientation, the first site experiences -on aver-
age – 8.06 kWh/m2 per day whereas the second experiences only 2.41 kWh/m2 per 
day. We are not including areas that aren’t covered by the Global solar atlas as typi-
cally in these regions the amount of solar availability is even less and in extreme 
cases can be zero for months – in Antarctica for example.

Currently one of the most efficient commercial PV panels in the world (at the 
moment of writing) is the SunPower X22 360 W Panel boasting a 22.2% efficiency 
-under STC (Sunpower 2019). As we have no real access to the sites and for the sake 
of keeping things even, we can assume that the conditions laid out by STC are 
indeed met. That panel has an area of 1.63m2 and remembering that available energy 
from a PV panel is always E = η∗A∗H then we have

Fig. 7.18 Example of a solar cooker Creative commons license By Erik Burton from Kapaa
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E = 0.222*1.63*8.06 = 2.92 kWh per day for Antofagasta

E = 0.222*1.
A

Y 663*2.41 = 0.87 kWh per day for Ya’an  

That is the energy available from the panel, not the energy we are able to get 
finally, because we have to account for BOS losses via the performance ratio. Very 
well maintained and calibrated systems can exhibit a PR of >90% so assuming that, 
the respective energies now become EA = 2.63 kWh per day and EY = 0.78 kWh per 
day. In order to be more accurate we would have to apply temperature corrections, 
correct for shading and use the net area of the panel instead of the gross.

Plus we shouldn’t forget that this answer is only about maximum possible energy 
yield – it doesn’t take into account engineering works, infrastructure etc. For exam-
ple these specific sites might be completely unsuitable for solar energy installations. 
It is just a very rough estimation of what we can in theory expect as a best and worst 
scenario.

1.13.2  Sahara Desert Example

Some proponents of solar energy have proposed a hypothetical gigantic solar park 
in the Sahara desert that would act as a global energy solution. Instead of theorising 
about such a park we can actually – very roughly- work out what would be needed. 
This will give us a basis that we can use for future discussions.

World electricity consumption for 2018 was 22,964 TWh (Enerdata 2019). The 
Sahara desert is a vast place but by looking at available GIS data we can see that an 
average of 2500 kWh/m2 per year is expected for tilted insolation at the optimum 
PV tilt. We will use this as a our basis for our calculations.

Assuming the same PV panel as earlier and the same performance ratio we can 
deduce that each panel would be able to give us, annually:

 E kWh.= ∗ ∗ ∗ =0 222 2500 1 63 0 90 814. . .  

As such in order to cover our total energy needs as humanity, we would need 
28,211,302,211 panels- coming from the consumption of electricity divided by the 
electricity per panel. Since we know that each panel is 1.63 m2, we can easily deduce 
that the total area needed to be covered by PV would be equal to 45,984 km2. The 
good news is that the Sahara desert is 9,200,000 so in theory there is enough space 
for our gigantic solar park. By no means is this an accurate estimation and it can 
only serve as a very rough ballpark figure to show us how monumental of an under-
taking that would be.

Of’ course it isn’t as simple as that. Some of the things we have to factor in are- 
and not limited to

• Transport of that electricity – as a ballpark figure in the US almost 6% of electric-
ity is lost via transmission and distribution. These losses would become much 
greater over long distances.
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• Technical issues of installing PV in a place with poor infrastructure
• Dust that can shade the PV panels and thus reduce their efficiency
• Loss of efficiency due to high temperatures
• Thermal stress of the materials
• Electricity storage issues – and losses due to it. Storing energy would become 

paramount since the world uses electricity at different rates and at different times. 
That is on top of the fact that the Sun also sets.

• Amount of materials needed – both for the PV panels and the infrastructure.
• Border issues- as with every big energy projects that spans across borders the 

issue now becomes, who does what.
• Maintenance
• The above figure shows the size of the panels and not the installation itself. The 

panels should be spaced apart to increase cooling and allow for maintenance – 
especially crucial for such and example

• Financing such a task

If this task is so unrealistic then why mention it here? It’s always nice to put 
things under perspective and understand how much of something we need. We have 
the technical constraints that are very well known but we also have to content with 
our energy hungry nature. Despite all efforts for energy conservation, our energy 
demand keeps increasing. To add insult to injury, we should also remember that 
electricity is only one form of energy. If we need electricity to help with transport – 
via electrifying cars for example- then the demand and consumption will get even 
higher. Despite all that, the future of solar energy seems bright and it is only one of 
our weapons against climate change.

2  Conclusions

This chapter presented a brief overview of various solar energy technologies and 
their uses. Is solar energy a perfect energy source? Of’course it’s not – but no other 
energy is. Wider adoption of solar energy presents challenges, some of which are 
technical. It can be argued that solar energy will be one of the major drivers for 
increased energy storage – molten salt storage is already used in large scale solar 
thermal installations and batteries for PV systems are very regularly used. The envi-
ronmental cost of solar energy cannot be dismissed though as with the increased 
usage of PV we will inevitably have an increased need to dispose of non working 
panels, panels that reached the end of their useful life, panels that malfunctioned, 
broke etc. Despite that though, the potential of solar energy is massive and if used 
in sustainable ways by taking into account good locations, technologies that reflect 
our needs and managing our energy usage patterns it will play a very major role in 
our energy future.
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Chapter 8
Coupling Behavior-Based Intervention 
with Pro-Environmentalism. The Dynamics 
of Energy Usage, Crisis and Its 
Conservation

Tharindu Prabatha, Kh Md Nahiduzzaman, Hirushie Karunathilake, 
Kasun Hewage, Rehan Sadiq, Shahria Alam, and Pamela Shaw

Abstract Higher cost and crisis of energy vis-à-vis increasing consumption have 
been a twin but contested paradox. The rapidly growing energy demand has 
prompted many countries, including Canada, to undertake manifold energy-saving 
initiatives. However, these are predominantly technology driven and no apparent 
measures are taken yet to address and modify the end users’ behavior at the residen-
tial sector. In order to reduce the rate of growth of the residential energy consump-
tion, it is critical to engage the end users through better education and awareness 
while using the inherent pro-environmental behavior (PEB). This is even more criti-
cal for groups, such as  new immigrants and Canadian indigenous communities. 
Given this background, this chapter essentially presents (i) the importance of behav-
ior-based, non-technical interventions on end users’ perceptions of energy conser-
vation; and (ii) its impact on the nature of consumption at the household level. 
Empirical findings from the East and current practices from the West are drawn to 
investigate these phenomena. The other part sheds light on the prospect and need for 
behavior based interventions toward reduced energy consumption. While the time 
of use (ToU) is in effect, some forms of PEB exists among the residential users in 
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Ontario. With this taken into account, the paper calls for a renewed policy insights 
on ‘investment’ and ‘curtailment’ behavior approaches to assess the ‘longevity’ 
effects on energy consumption. This, in turn, stems the foundational need for ‘col-
laborative’ think-tanks of multi-disciplinary professionals, including engineers, 
urban developers, environmentalists, planners, sociologists, economists, and 
psychologists.

Keywords Pro-environmental behavior · Behavioral interventions · Energy crisis · 
Energy conservation behavior · Energy efficiency

Glossary

BC British Columbia
DSM Demand-side management
ECB Energy conscious behavior
GHG Greenhouse gas
MURB Multi-unit residential buildings
NECB National Energy Code of Canada for Buildings
NG Natural gas
PEB Pro-environmental behavior
SDG Sustainable development goals
ToU Time-of-use

1  Introduction

Forty percent of global energy consumption and 12% of the global green house gas 
(GHG) emissions are accounted under the building sector (Environment and Climate 
Change Canada 2016; Friess and Rakhshan 2017). Moreover, the increasing energy 
prices create considerable economic pressures on the building sector. These eco-
nomic and environmental pressures have made building energy efficiency a priority 
theme in Canada. Therefore, new policies and standards developed in parallel with 
the climate change mitigation agenda have increased the emphasis on reducing 
energy use and GHG emissions associated with the building sector (Environment 
Canada 2015; Karunathilake et al. 2018). These measures provide multiple benefits 
to the building owners and communities in the form of reduced energy bills, 
improved energy security, and socio-economic growth in addition to the environ-
mental benefits (Natural Resources Canada 2017). Therefore, improving the energy 
performance is essential for the environmental and economic sustainability of 
buildings.

A building that can operate with a lower energy consumption compared to an 
average building that operates under similar conditions of climate and use without 
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compromising the occupant satisfaction can be identified as an energy efficient 
building. In net-zero buildings renewable energy sources are used to cater the energy 
demand, which is already reduced by the use of energy efficiency measures 
(Torcellini et  al. 2006). Over 70% of energy use, environmental foot print, and 
human health impacts associated with buildings occur during the operational phase 
of the buildings (Buyle et al. 2012; Deru et al. 2011). Therefore, the operational 
phase has received a lot of attention in recent energy performance enhancement 
initiatives such as BC Energy Step Code. Operational energy performance can be 
improved by two main strategies including technical measures and behavioral 
changes (Karunathilake et al. 2018). Retrofitting, using energy efficient appliances, 
and implementing energy conservation technologies are some of the popular tech-
nological energy performance enhancement approaches used in building sector 
(Roulet 2006; Meier and Lamberts 2002). Building energy codes across the world 
mandate these energy efficient technological advancements, and these approaches 
have shown significant energy savings. Being one of the most innovative building 
energy codes currently available, the Energy STEP Code developed by the province 
of British Columbia, Canada, aims to make all the new constructions energy effi-
cient and net-zero ready by 2032 (Natural Resources Canada 2018). However, the 
BC Energy STEP Code has room for improvement by prescribing how to achieve 
these energy efficiency goals through robust investment decisions. Moreover, there 
lies a question whether Canada has put enough emphasis to develop net-zero ready 
energy conscious citizens who are compatible with net-zero energy buildings.

Demand-side management (DSM) programs that can decrease energy use at 
building level can primarily be classified into three routes; (I) replacing the existing 
building stock with low energy and passive designs, (II) develop and increase the 
penetration of low energy (efficient) appliances and equipment, (III) promote and 
instill energy conscious-behaviours among users (Wood and Newborough 2003). 
Despite the proven benefits, technological energy efficiency achievements includ-
ing low energy buildings and efficient appliances have their own limitations in prac-
tice due to high costs. Even so, the investments made on energy efficiency in a given 
building result in benefits localized to that particular building alone, and the impact 
on the energy performance of other buildings is minimal. On the other hand, behav-
ioral changes require much lower investments to implement. Nevertheless, once 
implemented, the energy efficiency culture developed among the occupants in a 
given building propagates around the community, creating a widespread impact on 
many buildings in contrast to technological measures. Therefore, developing poli-
cies to sufficiently promote net-zero ready occupants in parallel to the technological 
measures can significantly increase the effectiveness of building energy efficiency 
improvement efforts.

Literature suggests that significant energy savings can be achieved through 
behavioral pattern changes created by the use of feedback mechanisms (Xu et al. 
2018). However, predicting the level of behavioral pattern changes and its impacts 
on the energy consumption is not a very straightforward process. Moreover, while 
behavioural modifications can deliver significant benefits once put in place, it is 
more challenging to change existing patterns of energy use behaviour than it is to 
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simply instigate a technological intervention. Therefore, it is evident that both 
behavioral and technological energy efficiency solutions have direct and indirect 
environmental, economic, and social impacts. Hence, careful evaluation of the 
costs, benefits, and deployment challenges associated with these approaches is 
needed to identify the best solutions for a given context. Moreover, studies need to 
be conducted to quantify the effectiveness of non-technical measures in improving 
the building energy performance, and to identify the best pathways for promoting 
energy-consciousness. On this backdrop, this chapter specifically focuses on study-
ing the importance of behavior-based interventions on end users’ perceptions of 
energy conservation and their impacts on the energy use trends in households. 
Moreover, empirical results from Saudi Arabia and a Canadian case-study are used 
in investigating the aforementioned phenomena. This article will inform the energy 
planners about the effectiveness of behavioral changes in achieving energy and cost 
savings. Moreover, policy makers will benefit from the integrated knowledge in 
improving energy efficiency policies to reach intended emissions targets.

2  Energy Sources and End Uses

Canada mainly relies on five fuels including renewables, natural gas, crude oil, coal, 
and uranium for the energy needs of the country (National Energy Board of Canada 
2019). These energy sources are converted into secondary energy uses such as elec-
tricity, motor gasoline, etc. The trend changes of different secondary energy uses 
over the time is elaborated in Fig. 8.1 (Natural Resources Canada 2019a).
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According to Fig. 8.1, natural gas is the main secondary energy source that is 
closely followed by the electricity. Both these categories have shown increasing 
trends over the time while NG has shown a relatively higher growth. Motor gasoline 
(including ethanol) have shown a slight growth over the years following a similar 
gradient to the electricity. Use of oils (including diesel fuel oil, light fuel oil, kero-
sene and heavy fuel oil) is similar to motor gasoline except for the reduction indi-
cated after 2011. Other secondary energy uses have not shown significant variations 
over the years. Even though some energy sources are being used less compared to 
others, they have higher emissions per unit energy delivered. Therefore, it is impor-
tant to compare the emissions associated with different secondary energy categories 
over the years. The historical trends are indicated in Fig. 8.2 (Natural Resources 
Canada 2019a).

Emissions intensity of NG has shown a slight increment over the years according 
to Fig. 8.2. However, the impacts associated with this change cannot be neglected as 
NG is the most used secondary energy source in Canada. It is important to note that 
emissions associated with unit energy of electricity has reduced by one-third from 
2000 to 2016. This greatly helps off-set residential emissions resulted from energy 
use. The emissions and the energy prices associated with NG and electricity have 
considerable impacts on residential energy use trends as they are the most com-
monly used secondary energy sources in Canadian residential sector. The emissions 
associated with other secondary energy sources have not changed much over the 
time except for still gas and petroleum coke. However,  the contribution of these 
energy sources to the national GHG emissions through various means including 
transportation and industries should not be missed out.

The above-discussed energy sources are used for many end-use sectors, includ-
ing residential, commercial, industrial, transportation, and agriculture (Natural 
Resources Canada 2011). Out of these sectors, transportation is identified as the 
least efficient sector with 75% losses while the residential sector converts 75% of 
the energy supply to useful work (National Energy Board of Canada 2019). However, 
when considering all the energy end-use sectors in Canada, only 33% of the 
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supplied energy is converted to useful work (National Energy Board of Canada 
2019). Therefore, energy conservation practices and efficiency improvements can 
greatly contribute in reaching Canadian emission targets. Therefore, paying enough 
attention towards minimising energy losses and energy conservation practices are as 
important as striving to increase the renewable energy penetration in the country. 
With this understanding, improving the energy performance of building sector has 
received much attention.

Residential buildings contain multiple energy consuming components including 
space heating and cooling, water heating, lighting, and appliances. Figure 8.3 shows 
the percentage contribution of different energy end-uses for the overall energy con-
sumption of Canadian residential building sector (Natural Resources Canada 
2011, 2015a).

Space heating accounts for the highest energy consumption of Canadian residen-
tial buildings. Approximately 50% and 25% of the residential heating needs are 
catered by natural gas and electricity respectively. The heating performance of 
houses is significantly improved with higher penetration of energy efficient fur-
naces and improved building envelops (Natural Resources Canada 2019b; 
Karunathilake et al. 2018). Water heating is the second highest energy consumer of 
residential buildings. At present water heating is mainly done by natural gas and 
electricity with percentage contributions of 68% and 29% respectively (Natural 
Resources Canada 2019b). It is important to notice that use of heating oil, wood, 
and other fuels are significantly decreased over time. Efficiency of all major appli-
ances such as refrigerators, freezers, dishwashers, clothes washers, and cloths driers 
have improved from 1990 to 2015. On the other hand, the use of minor appliances 
including electronics have increased over the time. Therefore, the energy savings 
generated by efficiency improvement of major appliances have been off-set by the 
minor appliances (Natural Resources Canada 2019b). Lighting energy requirements 
of a household has shown a huge reduction (18%) from 1990 to 2015. Natural 
Resources Canada (NRCan) attributes this efficiency improvement to multiple 
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factors including the market penetration of LEDs, motion detectors, timers, task 
lighting, light dimmers, and behavioral practices such as turning-off unnecessary 
lamps (Natural Resources Canada 2019b; Karunathilake et al. 2018).

Over the past three decades, significant changes occurred in Canadian residential 
building sector. The number of households in Canada increased from 9.9 million to 
14.1  million from 1990 to 2015 (Natural Resources Canada 2019b). The other 
noticeable change is the increase in the cooled area percentage with respect to occu-
pied spaces (Natural Resources Canada 2011, 2019b). The percentage differences 
of the changes occurred from 1990 to 2015 in residential buildings are indicated in 
Fig. 8.4 below. These information are derived from statistics provided by NRCan 
(Natural Resources Canada 2019b).

Energy use varies significantly with weather, occupancy patterns, and the energy 
efficiency of the equipment being used. NRCan attributes residential energy con-
sumption changes over the said time period to five factors including activity, struc-
ture, service level, weather, and energy efficiency attempts (Natural Resources 
Canada 2019b; National Energy Board of Canada 2016). Except the structure and 
energy efficiency efforts, all the other factors have resulted significant increases in 
total energy consumption. If the energy efficiency efforts were not present, then the 
total energy consumption of the residential building sector would have increased by 
54% by 2015 compared to 1990. Percentage increment of energy use was limited to 
8% due to energy efficiency interventions including introduction of CFLs and 
LEDs, insulation upgrades, roof and window modifications, and use of energy effi-
cient appliances (Natural Resources Canada 2019b). The said measures were able 
to avoid 27.8Mt of GHGs in 2015. Nevertheless, the GHG emissions associated 
with residential buildings are predicted to be increased by 15% compared to 2012 
levels due to growing energy demand (Natural Resources Canada 2019b; 
Environment Canada 2014). Therefore, the energy efficiency improvements have to 
be a continuously improving process in order to bring the residential energy demand 
and related GHG emissions to a plateau or to a decreasing trend despite of the grow-
ing number of households.
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3  Energy Efficiency Strategies: A Bird’s Eye View

Introduction of technological interventions in the form of retrofits is popular in 
Canada for achieving energy efficiency in buildings. Energy retrofits can be classi-
fied into three categories, namely minor energy retrofits, major energy retrofits, and 
deep building retrofits. Minor retrofits are defined as focused energy saving mea-
sures that can achieve energy savings up to 15% from the original consumption. 
Similarly major and deep retrofits are expected to produce energy savings from 15 
to 40% and greater than 40% respectively (Natural Resources Canada 2016).

Energy efficiency measures are popular in residential building sectors of BC and 
many other provinces of Canada. Statistics show that at 82% of the residential build-
ings have adopted one or more energy conservation measures and 37% of the house-
holds have implemented energy retrofits (Statistics Canada 2011). Energy efficiency 
of new residential buildings is expected to be improved by 27% compared to 1997 
with the introduction of new building codes such as NECB and BC Energy STEP 
Code (Natural Resources Canada 2015b; Government of Canada 2016). Moreover, 
0.7% annual reduction in energy use per unit indoor area is expected from 2016 to 
2040 with the planned energy efficiency efforts (National Energy Board of 
Canada 2016).

A case study in the Major Retrofit Guidelines (MRG) report prepared by NRCan 
shows some insightful cost benefit figures for energy retrofits. Costing information 
including investment cost, savings, and payback period from the mentioned case 
study is summarised in Fig. 8.5 (Natural Resources Canada 2016).

Cost information in Fig. 8.5 indicate that higher energy savings can be achieved 
with higher initial investments. Moreover, it shows that the payback period for other 
retrofits except for AHU motor considered in the case study generally increases 
with the increasing investments. It can be seen that if higher energy savings in the 
range of C$5000 are anticipated, then the investments are in the range of 
C$70,000–100,000 leading to major and deep retrofits. However, this level of 
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investments is not always possible for residential building owners spanning from 
single family detached houses to multi unit residential buildings. When it comes to 
rentals, the tenants get to pay the utility bills while the owner is responsible for the 
retrofits. In situations such as MURBs, the owners of the apartment units cannot do 
any major or deep retrofits by themselves without the consent of strata management. 
MRG highlights that aligning these deep retrofits with scheduled maintenance 
activities produces better results. Therefore, the interventions have to be waited 
until a suitable execution point reaches in the building energy system to reap the 
maximum economic benefits. Essentially, there are visible challenges hindering the 
implementation of technical energy efficiency interventions due to financial con-
straints, irregular division of costs and benefits, and management and scheduling 
complications.

In contrary to retrofitting interventions, behavioral changes can produce energy 
savings at minimal or zero costs. Both responsibility and benefits of energy efficient 
behaviors are held by the building occupants and not by the owners. Behavioral 
changes can be initiated at any point of time without waiting for major energy sys-
tem renovations. These characteristics of behavioral interventions reduce the com-
plications in cost benefit divisions, scheduling issues, and financial constraints. 
Therefore, it can be argued that the behavioral changes are an effective tool that can 
take the message of Canadian energy efficiency practices to the buildings that have 
difficulties in implementing technical measures. On the other hand, building auto-
mation systems and the sensor-based technologies have their limitations in response 
times. For an example, lights and heating elements that can operate automatically 
based on occupant presence and absence take some time before turning off after the 
occupants leave the space, leaving some room for further improvement. Unarguably, 
this technology is important in avoiding any prolonged energy losses due to mis-
takes of occupants. However, if this technology can be combined with energy con-
scious behavior, energy wastage can be minimized further. Moreover, there is a 
potential that people pay relatively less attention to energy conservation when 
energy efficiency technologies and building automation techniques are implemented 
without proper awareness regarding occupant responsibility. This issue can be eas-
ily resolved by energy conscious behavior and awareness programs that continu-
ously remind occupants about their role in energy efficiency. A recent study reveals 
that buildings occupied by educated occupants have 1.3% higher energy efficiency 
compared to the other buildings. Authors of the study attribute this observation to 
energy conscious technology choices and behavior (Kavousian et al. 2015). This 
strengthens the fact that the implementation and usage of the energy efficient tech-
nologies can be improved by fostering the energy conscious behavior and awareness 
of the occupants. Therefore, it is important to investigate methods to educate the 
occupants about energy conscious behavior in parallel to energy efficient technolo-
gies in order to reach the Canadian emission targets as expected.

Occupant behavior is identified as one of the main uncertainties faced by the 
energy planners in system designing and operation scheduling. Literature suggest 
that the energy wastage occurring due to the uncertainties introduced to planning by 
the occupancy patterns and occupant behavior can reach up to 30% from the 
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intended energy use (Jia et al. 2017; Wang and Shao 2017). Codes and standards 
such as NECB (National Energy Code for Buildings), BC Energy STEP Code, and 
ASHRAE are widely used to help energy designers to overcome these challenges. 
However, the unpredictable energy behavior of the occupants still causes losses in 
the energy system operation due to the mismatch in user expectations and govern-
ment policies, because the energy standards look at the building energy performance 
in an energy efficiency lens while the building occupants are more focused on the 
economic performance of their energy system. This priority mismatches in deci-
sions further poses challenges to energy system operation schedules due to the dis-
crepancies caused by unexpected behavioral patterns (Wang and Shao 2017). If the 
occupant energy behavior can be made consistent by awareness programs leading to 
energy conscious behavior, then money, time, and effort in energy system designing 
and operation scheduling can be reduced significantly while minimizing the energy 
losses in the practical operation. Many technological interventions such as sub-
metering techniques, internet of things (IoT) based techniques, non-intrusive load 
monitoring techniques are being implemented with the aim of reducing energy 
wastage by optimizing the energy system operation with real-time monitoring 
(Anderson et al. 2012; Martín-Garín et al. 2018). However, these approaches need 
expert knowledge and high initial investments. Moreover, it is difficult to implement 
some of these technical measures in buildings at a later stage after construction. 
Therefore, promoting the consistent adoption of energy conscious behaviors can be 
easier compared to the implementation of technical solutions proposed.

Energy conscious behavior (ECB) can be defined as the process of eliminating 
non-essential energy uses through actions initiated by the occupants. These behav-
iors can be in many forms including turning-off unnecessary lights and unplugging 
unused appliances, selecting appropriate room temperatures to match the needs and 
occupancy levels, wearing suitable cloths to avoid unnecessary increments in heat-
ing and cooling loads, and avoiding the instances of running the washers and driers 
at partial loads (Mills and Schleich 2012; U.S. Department of Energy 2016). The 
idle energy consumption of devices are found to be in the range of 7.3–10.7% of 
total household energy use according to the studies done in Australia, China, and 
Japan (Kelly 2012; Ouyang and Hokao 2009). For an example, the energy used by 
a microwave oven for heating is lesser than the energy consumed to operate its’ 
digital display throughout the day (Province of British Columbia 2008). This indi-
cates that simple attitude changes can produce significant energy changes without 
any additional investments. ECB is an effective tool that is strongly interlinked with 
energy conservation measures as discussed above. However, implementation of 
behavioral interventions has its own challenges if effective ways to bring it to the 
people were not found. Literature highlights that consumer behavior is largely influ-
enced by the costs, required effort, and the convenience (Steg 2008). Public aware-
ness programs are an effective way to promote conservation techniques that don’t 
incur significant costs, require less user effort, and cause minimal inconveniences. 
Effectiveness of the behavioral interventions can be further enhanced with feedback 
mechanisms to inform the users about their energy performance (Steg 2008). 
Research shows that 5–15% energy savings can be achieved by providing detailed 
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real-time energy use information through smart meters, mobile phone applications 
(Darby 2006). A mobile phone application to report the residential energy use is 
successfully practiced by Ontario residents.

Financial incentives are identified as another effective way for promoting energy 
conscious behavior within all the social groups including Canadian citizens, indig-
enous people, and immigrants. These incentives can be introduced in the form of 
taxes and subsidies (Lindén et al. 2006). Moreover, energy prices can be used as a 
direct influence to change the energy use trends. Time-of-use (ToU) pricing tech-
nique have proven to provide greater leverage to the utilities to direct the less urgent 
energy use applications such as cloths washing towards off-peak hours (Strbac 
2008). This approach is been proven to produce mutual benefits to both utilities and 
occupants according to a research conducted in Sweden (Campillo et al. 2016). The 
users can shift their less priority energy needs to off-peak times and benefit from the 
low energy bills while the utilities can manage the peak demand with minimal 
installed capacity as the load profile is becoming flatter when the loads are shifted 
to off-peak times. In some provinces including British Columbia, ToU approach is 
only applied to commercial and industrial sectors while Ontario (ON) has employed 
this for residential buildings too. ON uses three time periods including off-peak, 
mid-peak, and peak to apply ToU pricing (Ontario Energy Board 2019). However, 
public awareness and acceptance of the ToU schemes are still at a questionable state 
according to the expert opinion. Nevertheless, outcomes of previous studies indicate 
that maintaining peak power rates around four times higher compared to off-peak 
rates produce positive results (Pittis 2019). Block tariff schemes are another com-
monly used billing strategy by the utilities to control the cumulative electrical 
energy usage of buildings. In this method, users have to pay incrementally higher 
prices after exceeding pre-set energy use thresholds. However, this approach is not 
directly supporting the load curve management. Looking at the energy use from a 
different perspective, governments are introducing the Carbon taxing policies in the 
view of reducing GHG emissions. These taxes apply on fossil fuel production, dis-
tribution, and use in relation to the associated CO2 emissions. However, the effec-
tiveness of carbon tax in regions where the energy cost is significantly low is 
arguable (National Energy Board of Canada 2019). Considering all these factors, 
literature suggest the use of appropriately high energy prices that can create signifi-
cant cost increments and reductions depending on the energy consumption practices 
to foster energy conscious behavior in communities (Loi and Loo 2016).

The above discussion emphasizes the need for combining technical and social 
factors with economic forces to guide residential buildings towards greater energy 
efficiency. Multidisciplinary studies are needed to strengthen the residential energy 
demand management programs (Steg 2008). Upcoming sections of this article dis-
cusses the lessons learned from an empirical study on behavioral changes conducted 
in Saudi Arabia to discuss the practical challenges and opportunities in implement-
ing energy conscious behavior.
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4  Lessons Learned: An Oxymoron from the East and West

Climate change mitigation efforts and human behavior can greatly vary from one 
country to another with the differences in socio-economic dimensions. However, 
lessons learned through studying the best and contemporary practices along with 
the underlying causes can be globally applicable. Therefore, this section compares 
energy use and pro-environmental behavior (PEB) trends with reference to Saudi 
Arabia and Canada.

4.1  Saudi Arabia in Focus

Saudi Arabia is amongst the most energy intensive countries when comes to per 
capita consumption (Alshehry and Belloumi 2015). The conventional perspective 
about the daily energy behavior of the Saudi population could be characterized as 
‘not-so-thoughtful’ (Nahiduzzaman et al. 2018). Therefore, people seem to demon-
strate rather lavish energy consumption behavior. Understandably, this is partially 
attributed to the fact of relatively cheaper energy prices resulting from substantial 
governmental subsidies and higher per capita income. However, a recent study by 
Nahiduzzaman et al. (2018) suggests that some degree of energy conservation prac-
tices exists among the families, which could be understood as partial form of PEB, 
away from the ideal behavior that refers to practices consciously seeking to mini-
mize the negative impact of one’s actions through reduced resource and energy 
consumption, and waste generation (Kollmuss and Agyeman 2002). However, this 
seems to imply that if people from countries with higher energy availability per 
capita implicitly possess the sense PEB with a record of its partial demonstration in 
daily consumption, essence of PEB could be easily adapted in countries like Canada 
where cost of energy is relatively higher. Furthermore, it is going to potentially 
encourage individual users to reflect that ideology into regular practices, if context-
specific non-technical behavior based interventions are designed to implement. Due 
to positive directives emanating from the ‘unorthodox’ result from an energy-rich 
context, the study by Nahiduzzaman et al. (2018) is particularly critical. If the inher-
ent PEB embedded in energy-rich individuals could be unleashed into an energy-
responsive behavior, the outcome might be more promising where cost of energy is 
much higher. Bearing that in mind, the key lessons of the study are worth a delibera-
tion. The study suggests that there is always a pressing need for behavioral (non-
technical) intervention to establish the norm of energy conservation at the individual 
levels. The contextualized interventions with a multi-pronged approach (e.g. a com-
position of video based education, stickers based messages, weekly meetings, etc.) 
could potentially save more energy while establishing a pressing sense for conser-
vation. The study further amends for a positive relation between the adults members 
in the family and their level of education with the total energy consumption while 
number of female members in family, household size, building area demonstrate a 
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negative association attributing to ‘economies of scale’ and existence of some 
degree of PEB.  Hoisting the importance of ‘investment’, aiming to enhance the 
energy efficiency standard of a dwelling, that study emphasizes on the ‘curtailment’ 
behavior, which seeks to achieve energy saving by altering behavior (Han et  al. 
2013; Testa et  al. 2016) in order to establish such norm for conservation. The 
essence stem further questions that whether (i) Canadian families is ready to be 
potentially intervened through non-technical behavioral tools; and (ii) if the inher-
ent PEB among the Canadians could be capitalized into a responsible energy saving 
behavior.

4.2  Energy Pricing and PEB in Canada

While the energy demand at the residential sector is on the rise, whether the families 
have been really efficient in energy usage as opposed to the potential savings 
remains to be answered. Following are amongst the most notable energy efficient 
measurement tools that government found to be effective in downsizing the bur-
geoning demand for energy in Canada: fostering innovation and competitiveness, 
development and enforcement of regulations, standards and codes, the administra-
tion of voluntary certification, benchmarking and information-based programs, and 
domestic and international partnerships (Ipsos Reid 2015). The ‘innovation’ and 
‘standards and code’ parts entail hard core technology driven measures that are 
equally vital to address the current mounting energy demand while achieving higher 
efficiency in usage. However, they have been conceptualized and practiced with 
rather a narrow insight. They largely exclude the potential role of the individual 
(end-) users that would have been manifested through everyday behavior in order to 
contribute to achieving higher energy efficiency (Nahiduzzaman et al. 2018; Chelleri 
et al. 2015, 2016). Therefore, ‘end-user’ centric intervention targeting individual’s 
behavior to curtail the level of consumption and gain higher efficiency of usage 
resulting in the reduction of overall energy demand is somewhat absent in research 
axioms and think-tanks. As a result, the concept of and need for such non-techno-
logical intervention in energy research and practices are pervasively missing across 
the Canadian provinces: (i) addressing consumption behavior of the individuals; (ii) 
potential for better efficiency after a detail profile of end users’ consumption 
behavior.

Understandably, ToU is a regulatory tool for behavioral intervention. It is 
designed to control the volume of energy usage during off-peak, mid-peak and on-
peak hours through differentiated price rates. The resulting outcomes suggests that 
each household tends to use two-third of their electricity during off-peak hours 
while the remainder being split between mid-peak and on-peak (Ipsos Reid 2015). 
Governed by the prices, the residential users tend to operate in certain ways to man-
age the monthly energy bills in line with their financial affordability. This seems to 
advocate that the temporal dimension of pricing has partially unleashed the inherent 
PEB of the residential users. This is a ‘sporadic’ and weaker demonstration of PEB 
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that is not consciously addressed to unearth its full potentials. Such situation-spe-
cific demonstration could be perceived as pro2 (pro- pro)-environmental behavioral 
(P2EB), which has not been attempted to unleash and capitalize into energy saving 
actions with scientifically designed non-technical interventions.

Canada being a diversified immigrant-driven society demands a thorough and 
thoughtful approach for behavior based intervention that encourages better conser-
vation practices. In order to achieve this, a multipronged approach should be adopted 
combining videos and stickers based conservation messages, and regular dissemina-
tion of information through social and TV media, community based dialogues, 
workshops and meetings, among others. A future study considering the diverse soci-
etal landscape should substantiate the context appropriate modes for interventions. 
However, it needs to be carefully designed after a thorough identification and char-
acterization of the families through the lens of cultural, socio-economic, education, 
demographic, linguistic, and religious diversities (Nahiduzzaman et al. 2018). These 
features might be critical and even sensitive, especially for the new immigrants, 
families with low-income and education, and first nation Canadians (Ng 1998; Wee 
and Choong 2019). This is more so when many families do not even aware about 
ToU and its intended benefits (Ipsos Reid 2015; Shi et al. 2019). While they might 
be at constant struggle to survive than living, ToU alone would barely be able to 
transform the PEB into a desirable conservative actions.

5  Conclusion: A Way Forward

Unarguably, there is a continued need for technological interventions to regulate the 
current and future energy consumption and sequent crisis. However, this alone 
could only do a little without having a marital tie with non-technical interventions 
that fosters PEB among the clusters of families with various demographic, social, 
economic, cultural, religious, and personal traits. Therefore, it is compelling to 
embrace the significant importance of twin-ventured intervention where individu-
al’s behavior and smart technologies to combine in order to reduce the surge of resi-
dential energy demand. The growing need to establish a sustainable practice of 
conservation at the households is also critical to meet the sustainable development 
goals (SDGs) and envision 2030 that Canada pledged for (UN 2018; Gupta and 
Vegelin 2016).

As hinted out earlier, the current academic think-tank associated with energy 
research in Canada is somewhat lacking the perspectives of interdisciplinary focus 
despite of the efforts made by knowledge networks, such as Pacific Institute for 
Climate Solutions (PICS). Human interaction and behavioral demonstration in the 
built environment demands for greater unions of scholars to fill the vacuum of trans-
disciplinary knowledge and perspectives. On that front, energy research should be 
conducted while taking all pertinent fields of knowledge, including engineering, 
environment, urban planning and design, architecture, psychology, economics and 
sociology into account. Failing to do so, the outcomes of the scholarly endeavors 
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would merely be partial to deal with the ongoing energy crisis and stemming adver-
sities. Furthermore, contemporary endeavors to achieve energy security and sustain-
ability would be questionable while leaving the future with uncertainties. Therefore, 
this paper calls for a ‘collaborative’ think-tank for energy research where ‘humane’ 
attributes are to be equally accounted along with other essential parameters. In order 
to do that, the strategic thought-led policies need to undergo certain changes where 
the ‘collaborative’ think-tank would inform the executive actions in different forms 
of interventions, leading to an energy efficiency and ‘net-zero’ development. There 
is also a need for renewed policy insights and resulting actions on integrating 
‘investment’ and ‘curtailment’ behavior approaches into research and practices. 
This will help assess the ‘longevity’ effects of twin interventions in actualizing 
P2EB into an energy responsive behavior.
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Chapter 9
Modelling the Wind Supply Chain to 
Reduce Emissions: How Could Affect 
Transmission Congestion?
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Abstract Delays in new transmission line construction produce drawbacks that 
can lead to a precarious energy planning. As there is a delay between the licensing 
process and complete lines, it could create uncertainty as well as transmission con-
gestion. In this context, it is essential to estimate the impact the transmission con-
gestion might have on the reduction of emissions. To assess the effects of power grid 
congestion on emissions; first, it was necessary to design a simulation model, then 
some simulation scenarios were provided for analyzing the dynamic behavior of the 
wind-power supply chain. This chapter presents the findings of the case study con-
ducted in Brazil. Our analysis shows that options to reduce emissions through the 
current energy policy of Brazil might is affected by delays in transmission 
construction.

Keywords Simulation · Wind power · Supply chain · Asynchronous policy · 
Electricity transmission · System dynamics modeling · Emissions

M. M. Herrera (*) 
Economic Sciences Research Centre, Universidad Militar Nueva Granada, Bogotá, Colombia
e-mail: milton.herrera@unimilitar.edu.co 

I. Dyner 
Faculty of Natural Science and Engineering, Universidad Jorge Tadeo Lozano,  
Bogotá, Colombia
e-mail: isaac.dynerr@utadeo.edu.co 

M. Uriona Maldonado 
Department of Industrial and Systems Engineering and the Sustainable and Renewable 
Energy Innovation Group (Sinergia), Federal University of Santa Catarina, Campus UFSC, 
Trindade, Florianopolis, Brazil
e-mail: m.uriona@ufsc.br

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-43578-3_9&domain=pdf
https://doi.org/10.1007/978-3-030-43578-3_9#ESM
mailto:milton.herrera@unimilitar.edu.co
mailto:isaac.dynerr@utadeo.edu.co
mailto:m.uriona@ufsc.br


188

1  Introduction

Rapid industrialization and urbanization lead to an increase in energy use, mainly in 
developing countries. Given that the energy industry is one of the main contributors 
to CO2 emissions worldwide, developing countries face an urgent need to reduce 
energy consumption and improve environmental conditions (Coelho and 
Goldemberg 2013; Franco et  al. 2015; Espinosa et  al. 2019). Governments have 
implemented several strategies and policies for mitigating emissions. Previous stud-
ies have analyzed policy alternatives focusing on the emission reduction and the 
promotion of clean technologies (Haselip et al. 2005; Liu et al. 2014; Qudrat-Ullah 
2014; Blumberga et al. 2015; Cardenas et al. 2016), although rarely associated to 
power grid congestion. Thus, assessing the effects of power grid congestion on 
clean technologies is a relevant topic for research and policy studies (Herrera 
et al. 2019b).

Energy policy implementation may bring undesirable behavior affecting the 
growth of renewable energy supply chains (Wee et  al. 2012; Cucchiella and 
D’Adamo 2013; Herrera et al. 2018). In the case of developing countries such as 
Brazil, the growth of wind industry has increased wind power generation in the 
Brazilian grid, because of the adopted policy, however insufficient transmission 
capacity has generated a gap between generation and transmission. Although Brazil 
government has been effective in promoting wind power, the targets of emissions 
reduction might compromise by the insufficient transmission lines in the long term.

As renewable energy relies heavily on climate conditions, Brazil has been 
affected by climate variation due to its dependence on hydropower sources for elec-
tricity supply (De Lucena et al. 2009). Consequently, the government has actively 
encouraged wind industry expansion mostly in northeast Brazil (Agencia Nacional 
de Energía Eléctrica-ANEEL 2017; Rego and de Oliveira Ribeiro 2018). Thus, the 
potential for wind power generation in this region has been fundamental to guaran-
tee energy security in the context of the current environmental issues (Lima et al. 
2015; Ribeiro et al. 2016; De Jong et al. 2017).

Although Brazil promotes the generation of electricity using wind sources to 
ensure energy security, there are serious problems that affect its deployment. On the 
one side, the dispatch of wind power could be affected due to deficient transmission 
capacity from the northeastern region. Depending on different conditions, the built 
a power grid might take around 10 years, which disturbs connections and dispatches 
of power from wind farms. On the other side, the fragmentation in energy policy 
design and implementation may result in poor resource allocation and delays in the 
growth of wind power (Herrera et al. 2019a). The lack of wind energy policy coor-
dination might impact on the performance and management of strategic resources 
supporting the supply chain.

Under these conditions, it is essential to evaluate the impact that the transmission 
congestion might have on the reduction of emissions and the growth of the wind 
industry. Whilst the reduction of emissions is almost a consensual policy issue, this 
chapter seeks to assess energy policy alternatives for the wind power supply chain, 
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incorporating transmission congestion concerns. Thus, the chapter explicitly 
addresses the following research questions regarding transmission congestion issue 
and its effects on the emission reduction: What are the effects of the insufficient 
transmission capacity on emission reduction? How might Brazil achieve its emis-
sion target with limited transmission capacity? What can the wind power supply 
chain do to face transmission congestion?

The assessment of emissions on the energy system, which is the measure adopted 
in Brazil for the wind industry, is crucial because it guides the future investment and 
consequently, the composition of the electricity generation portfolio. Thus, energy 
planning becomes an essential issue for decision making on the dynamics of clean 
technologies diffusion and energy policy planning (Naill 1992). Recently, an 
increasing number of research on energy issues have led to developing models to 
facilitate energy planning process (Ahmad et al. 2016). These models derive from 
different modeling approaches such as operational research (Bazmi and Zahedi 
2011; Henao et  al. 2012; Viteri et  al. 2019) and economics (Fortes et  al. 2014; 
Cabalu et al. 2015), but some cases do not consider uncertainties regarding delays 
and nonlinearities among the variables that describe the system (Cardenas et  al. 
2016; Morcillo et al. 2017). Over the years, several researchers have used system 
dynamics to model problems in the electricity sector (Ahmad et al. 2016). System 
dynamics is useful to analyze social and physical interactions in the system – that 
many time has uncertainties in the long term – which make difficult the search for 
solutions (Sterman 1981; Ford 1997; Dyner and Larsen 2001). Consequently, sys-
tem dynamics may offer an alternative approach to policy assessment and give a 
response to the above questions.

This chapter is organized as follows. Section 2 discusses transmission system 
concerns and barriers to wind-power supply chain expansion. The modeling 
approach and the scenarios used in the study is presented in Sect. 3. Section 4 exhib-
its the results for climate policy scenarios, including transmission system barriers. 
Finally, this chapter presents conclusions and policy implications in Sect. 5.

2  Transmission System Issues

The Brazil government has a low-carbon policy in place that promotes the produc-
tion of electricity using renewable energy sources to mitigate climate change and 
improve energy security (Santos et al. 2018). Since the early 2000s, the growth of 
the wind industry in Brazil has progressively added power to the Brazilian grid, 
primarily driven by the auction-based power expansion plan in its regulated market. 
Currently, approximately 15  GW of wind capacity has been installed across the 
country, and almost 4 GW of capacity is contracted to be added to the regulated 
market by 2020 (ABEEólica 2019). However, the rapid growth of the wind industry 
has faced severe problems due to the construction delays of electricity transmission 
(De Jong et al. 2016; Global Transmission Report 2016; Herrera et al. 2017; Miranda 
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et  al. 2017). Thus, the transmission issue could cause drawbacks that affect the 
increase of the wind industry and the emissions reduction targets.

The Transmission System Operator (ONS) is responsible for defining the mini-
mum interconnection requirements for all power plant requests, including those 
using renewable energy (Feltes et al. 2012). Whilst the requirements for evaluating 
the impact of the generation of new wind farms on the interconnected system must 
be presented by the developer and approved by the ONS, there are delays for award-
ing licensing which influence on the connection of the finished wind farms to power 
grid (Cardoso Júnior et al. 2014; Bayer et al. 2018; Herrera et al. 2019b). At present, 
over 30% of wind power projects with expired implementation deadlines still do not 
have a grid connection (Bayer 2018).

Interconnected power system planning is considered as a complex issue due to 
its interaction with other aspects such as social, technical and environmental. One 
impact both transmission infrastructures and wind farms are the immobilized area 
overtime followed by disturbing of land use (Moreira et  al. 2015; Ribeiro et  al. 
2016; Brannstrom et al. 2017). Considering that, the Brazilian authorities imple-
ment processes to verify the project’s viability regarding its environmental impacts 
for stablishing the main terms and conditions of its implementation (Bayer et al. 
2018). Nevertheless, some regions environments have had altered by wind farms 
(Brannstrom et al. 2017; Gorayeb et al. 2018), and consequently also by transmis-
sion infrastructures.

Since 2013, the risk of delays in the transmission grid extension was transferred 
to the wind project developers, namely if the transmission grid is delayed, then wind 
developers are obliged to supply energy (Bayer et al. 2018; Global Transmission 
Report 2018). This situation makes wind farms a higher risk investment than what 
it usually be. Despite the additional transmission capacity is planned at the begin-
ning of the auctions, it does not reduce the transmission connection risk because the 
planning process also includes transmission capacity that is still in the construction 
process or delayed.

Interactions between supply, demand and the long delays associated with trans-
mission construction have a significant influence on the electricity market, mainly 
in the price. When the power grid is constrained, it may distort electricity prices 
(Herrera et al. 2019b). However, too much capacity results in very high costs (Ochoa 
and van Ackere 2015). Thus, a balance between capacities of supply – power gen-
eration and power grid – including demand may regulate the electricity prices.

For wind power, the increasing of the transmission capacity is of great impor-
tance. To start a construction project of transmission infrastructure, developers must 
process environmental licensing. Delay in processing this license can lead to a delay 
in the wind power generation inside or outside a region. Thus, limited transmission 
capacity can significantly reduce wind power capacities as well as disturbing emis-
sion reduction targets. The next section proposes a modeling approach which con-
tributes to these issues.
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3  Modeling Approach

As discussed above, Brazil faces some concerns about transmission capacity along 
the northeastern region. For overcoming the challenges of the effects of transmis-
sion congestion on emission reductions targets of Brazil, this section adapted the 
simulation model developed by Herrera et  al. (2018). As the system dynamics 
approach takes into account feedbacks process and delays to represent and under-
stand the dynamic behavior in the long run (Sterman 2000; Qudrat-Ullah 2016), this 
research adopted it. Additional to this, the system dynamics approach is useful to 
design and asses the effects of policy on a complex system characterized by uncer-
tainty about long-term (Forrester 1961). The system dynamics approach has been 
used to model behavior patterns associated with the energy system for more than 
30 years (Sterman 1981; Naill and Belanger 1989; Ford 1997; Dyner 2000).

For facilitating the assessment of policy alternatives of the case study, the follow-
ing steps were applied:

 (i) the problem statement with dynamic behavior hypothesis was represented 
through a causal loop diagram,

 (ii) a stock-and-flow diagram was designed to represent the energy system of 
Brazil, this step included parameter estimation, model validation, and policy 
design and finally,

 (iii) the limitations of the model were declared.

3.1  Dynamic Behavior Hypothesis

The dynamics and structural complexities of the Brazilian electricity market are 
captured from the dynamic behavior hypothesis. The dynamic behavior hypothesis 
is represented with two causal loop diagram, including the interactions among vari-
ables of the energy system. The first diagram exhibits transmission system con-
cerns, while the second diagram showed a contribution to this issue. These diagrams 
comprise three dynamics – capacity, market, and emissions – which characterize the 
behavior of the wind power supply chain modeled.

Given that the building capacity for the power grid in Brazil is more slowly, the 
response capacity of the wind power supply chain for attended the electricity 
demand could be disturbed. This situation is created due to the lack of synchroniza-
tion between policies aims to generation and transmission. Figure 9.1 represents the 
dynamic behavior hypothesis which incorporates unsynchronized energy policy. 
The interaction between demand and supply are represented in the balancing loop 
B1 and B2. On the one side, when electricity price increases, demand decreases in 
the long term, which influences on capacity margin – calculated as the difference 
between capacity generation and electricity demand – which closes the balancing 
loop B1. On the other side, as price increases, incentives for renewable energy also 

9 Modelling the Wind Supply Chain to Reduce Emissions: How Could Affect…



192

increases, then sustained higher price have to influence on capacity generation in the 
long term, closing the balancing loop B2.

The balancing loop B3 describes how electricity generation influences transmis-
sion capacity. As electricity generation increases and transmission capacity is insuf-
ficient, generating congestion. Transmission congestion depends on the electricity 
that must be transmitted and significantly affect electricity price (Herrera et  al. 
2019b). Given that the price increases, capacity generation increases, and conges-
tion increases, the reinforcing loop R1 is generated.

The balancing loop B4 and reinforcing loop R2 represent the relationships of the 
carbon market – emission and CO2 price – with electricity demand and capacity 
generation. The balancing loop B4 shows the internalization of environmental cost 
proposed by Franco et al. (2015). As emission and CO2 price increase, that in the 
mid-term influences electricity price, creating the reinforcing loop R2.

Whilst the installed capacity for wind power generation plays an essential role in 
the CO2 emission reduction, syncing up with transmission capacity is indispensable. 
Figure 9.2 shows the dynamic behavior hypothesis proposed to synchronize genera-
tion capacity with the transmission. The future capacity under construction depends 
on the projected capacity auctions, both wind generation and transmission capacity. 
When the projected capacity auctions are synchronized, the electricity price 
decreases, forming the balancing loop B3. Consequently, the wind power genera-
tion increases and emissions decrease, creating the reinforcing loop R4. While the 
transmission capacity is available, the emission generation will reduce.
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3.2  Model Description

The dynamics and structure of the carbon market and capacity market are repre-
sented through a stock and flow diagram, as illustrated in Fig. 9.3. This diagram 
shows strategy resources of the supply chain – suppliers, industry and wind farm – 
within stocks, flows which represents decision making of the energy system (e.g. 
starting production) and drivers of the wind industry – production cycle time and 
construction time. The stock is calculated by a first-order integral equation, while 
the flow is a set of differential equations. Stocks integrate flows into and out of 
stock, and the net flow into the stock is the rate of change of the stock (Bala et al. 
2017). Also, a structure for the simulation model is explained in Appendix.

The model considers two policy scenarios for the assessment of the questions 
proclaimed and the dynamic behavior hypothesis presented in Sects. 1 and 3.1, 
respectively: (i) unsynchronized policy, this scenario presents a resource allocation 
for power generation and transmission not synchronized and (ii) synchronized pol-
icy, this scenario considers alternatives to synchronizing the building of the wind 
power generation and transmission capacity. For both policy alternatives, the most 
relevant equations are presented in Table  9.1. Whilst the scenario 1 depends on 
incoming and outgoing flows, as can been seen below, scenario 2 contemplates the 
standard deviation both lead time of transmission projects and the installed 
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generation capacity to synchronize the building of transmission system and power 
generation.

A synthesis of the major assumptions of the model and input data incorporated 
are presented.

• The simulation model used the database of the Brazilian energy agency ANEEL, 
which publishes the auctions rounds for the contracted capacity of wind power 
that took place in the period between December 2009 and December 2018.
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• To validate and evaluate the dynamic behavior, the model employed time series 
of the installed capacity projection of wind power obtained by (ABEEolica 2017).

• The simulation model takes into account the values of average bids concerning 
the variation of electricity demand.

• Other generation technologies are considered within the model. The initial data 
on the installed capacity of each technology corresponds to the year 2018, 
according to Brazil’s energy matrix reported by (ANEEL 2018). This assump-
tion is taken into account to calculate the market share expansion of the Brazilian 
wind power.

• Over 31% of the wind projects that established a power purchase agreement in 
2010 had been affected by network delays by the time the implementation dead-
line was research in 2013 (Bayer 2018). Thus, one assumption made in the simu-
lation model is that transmission congestion reached was 30% per year, including 
grid load loss.

The simulation model was extensively validated through several tests for consis-
tency and conceptual validation (Sterman 1984; Barlas 1996; Oliva 2003; Qudrat- 
Ullah 2016). The main propose of behavior validity is to compare the model-generated 
behavior to the observed behavior of the real system (Qudrat-Ullah and Seong 
2010). Figure 9.4 illustrates a behavior reproduction test to assess the model’s abil-
ity to reproduction dynamic behavior.

Table 9.1 Definition of proposed policy

Scenario Definition Policy

Scenario 1 This scenario considers delays in 
transmission lines construction that affect 
the dynamic of the supply chain. K t K t dt

t

D

L t
d t

T

t

( ) = −( ) + ∫
( )

−
( ) ( )

=0 CR

β

Scenario 2 This scenario deems a stylized function 
to synchronize the transmission lines 
construction with the increase of wind 
power. EK

K
=

+
∗ + ∗( )

K
IC S LT SLT IC

1
∆

K(t): Installed capacity of transmission
CR: Completion rate
D: Depreciation rate
β(t): Construction delay
L(t): Life time
EK: Effect of transmission on the expected electricity price
∆IC: Increase of the installed generation capacity
LT: Lead time
SLT: Standard deviation of lead-time
SIC: Standard deviation of the installed generation capacity
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3.3  Limitations

The simulation model was developed to assess policy alternatives and their effects 
on the emission reduction in the case of Brazil. To this end, this chapter does not 
consider two aspects: on the one hand, though the interconnections among regions 
of Brazil are relevant, these were not contemplating due to the aggregated level used 
to develop the simulation model. On the other hand, technical aspects such as the 
hourly net load and spilled energy were not considered due to these have been 
addressed by other authors (De Jong et al. 2016, 2017).

4  Results

Despite the installed wind power in Brazil, principally in the northeastern region, 
grow to almost 16 GW by 2020 (De Jong et al. 2017), this growth might is affected 
due to the limited transmission. This section discusses how Brazil might synchro-
nize its energy policy to overcome this issue. Also, an analysis of the impacts of 
transmission congestion on the emission reduction is provided.

4.1  What Are the Effects of Insufficient Transmission Capacity 
on Emission Reduction?

From the simulations, the dynamic behavior of installed capacity was calculated for 
both scenarios of policy. Figure 9.5 shows a steady increase in the installed capacity 
of wind power. If there enough transmission capacity, it is also assumed that the 
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wind power generation increases, for instance in Scenario 2; however, the delays for 
building new transmission capacity could influence the diffusion of the Brazilian 
wind industry in the long run (e.g. Scenario 1). Previous studies that assess the dif-
fusion of wind power in Brazil coincide with these results (De Jong et al. 2017; 
Herrera et al. 2019b).

The extension of the transmission system is of great importance for the develop-
ment of the wind industry (Miranda et al. 2017; Bayer et al. 2018; Herrera et al. 
2019a). Despite that the wind projects are located much nearer electricity load cen-
ters (De Jong et al. 2015), the accumulated delays of the transmission projects in the 
last year have involved challenges and opportunities for the wind industry in Brazil 
(Global Transmission Report 2018). Figure 9.6 illustrates the problem of the accu-
mulated delays of the transmission projects. Though Brazil has a long history of 
using auctions to increase its generation capacity, the transmission capacity has 
slow growth due to several adjust of the policy (Aquila et al. 2017; Bradshaw 2017; 
Bayer 2018).
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As the carbon emission can be obtained for power generation in terms of kg of 
CO2eq emitted per MWh produced, the power grid plays an important role to guar-
antee the emission reduction. Widespread delays may explain the high share of the 
wind projects to transmission grid projects in Brazil (Aquila et  al. 2016, 2017; 
Bayer et al. 2018; Gorayeb et al. 2018; Herrera et al. 2019b). Figure 9.7 shows the 
effects of insufficient transmission capacity on emission reduction. Scenario 1 pres-
ents how the transmission grid delays significantly could affect the emission reduc-
tion in the long run, while scenario 2 synchronizes the lead time of the transmission 
projects to reduce this issue. Although increased CO2 emissions begin in the year 
2024, the additional wind power capacity might start operational, after the licensing 
process and construction delays associated with the power grid.

Brazil promised to reduce its CO2 emissions by 37% and 43% below 2005 levels 
in 2025 and 2030, respectively. Although the Brazilian government has promoted 
actively implementation of renewable sources to reduce CO2 emissions, insufficient 
electricity transmission has been one of the main drawbacks by a large amount of 
stranded renewable generation. These results show that a lower generation of elec-
tricity, especially renewable energy, leads to higher CO2 emissions related to the 
electricity sector as well as higher prices.

A lack of appropriate long-term financing is a barrier in the market consolidation 
of renewable sources (Silva et al. 2013). In this way, the electricity price plays an 
essential role in incentive the investment of new wind farms as well as the power 
grid expansion. Figure 9.8 shows the dynamic behavior of the proposed scenarios. 
Scenario 1 shows higher electricity price, which continually increases, while sce-
nario 2 induces a lower price due to the synchronization – between power genera-
tion and power grid – as from saving of the response time. Scenario 1 represents a 
significant risk may lead to reduced public acceptance of clean technologies. In 
general, scenario 2 highlights the need for transmission grid extension to contribute 
to the reduction of the electricity market prices.
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4.2  How Might Brazil Achieve Its Emission Target 
with Limited Transmission Capacity?

At first, planning of the energy system in Brazil based on transmission implementa-
tion being faster than generation operated well. According to simulation results, 
there is sufficient wind power capacity available to reduce CO2 emissions; however, 
the power grid is insufficient to guarantee the energy supply. Results show that even 
if the construction delays of the power grid capacity are identified, the gap between 
power generation and electricity dispatch would still not alleviate. This situation 
suggests that the planning of auctions should mediate coordination between the 
expansion of the wind power and transmission system.

Previous studies have shown that the energy policy mechanism must be agreed 
among stakeholders to define liabilities and penalties when the required grid expan-
sion is not completed on time (Bayer et al. 2018; Herrera et al. 2019a). Additional 
to this, the planning process should contemplate smaller distances from the power 
grid to wind farms to reduce transmission cost and electricity losses. Currently, the 
financial risk for transmission grid delays was implemented in some generation auc-
tions and transferred to the wind project developer (ANEEL 2017). However, the 
risk of revenues in the starting of the project lifetime significantly could be dis-
turbed the cash flows. This situation could lead to some investors to drop out of 
wind auctions. In this respect, the planning of wind auctions should take into 
account the following aspects:

 (i) defining the maximum generation capacity that can be connected to the 
power grid,

 (ii) the auction prices should be based on the availability of transmission capacity 
where will be connected the wind project,

 (iii) the planning process should be synchronized with licensing processes to miti-
gate delays in granting.
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4.3  What Can the Wind Power Supply Chain Do to Face 
Transmission Congestion?

The importance of a systematic analysis of transmission congestion focuses on 
feedback arguments that may jointly accelerate the effects nonlinearly on the wind 
power supply chain, unfavorably impacting the CO2 emissions reduction. On the 
one side, Fig. 9.9 shows the dynamic behavior of the wind power supply chain with-
out synchronized policy. The average stock for generation capacity of suppliers is 
33.2 GW, while wind power industry reaches 26.8 GW throughout the simulation 
period. This scenario supposes significantly gap between suppliers and industry, 
which could generate backlog or surplus of the resources in the long term. Previous 
studies also have shown the effects of backlog or surplus on the electricity prices for 
the renewable energy supply chain (Herrera et al. 2018).

On the other side, the synchronization of the wind power supply chain contrib-
utes to reducing the difference of the generation capacity between suppliers and the 
wind industry. Figure 9.10 shows how the saving of lead time for the transmission 
construction supports to mitigate the difference among players of the supply chain. 
In this case, the average stock for the generation capacity of suppliers is 29 GW, 
while wind power industry reaches 28.1 GW throughout the simulation period. This 
scenario involves that the generation capacity has a minor impact along the supply 
chain, reducing the backlog and surplus of the resources.
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5  Conclusions and Policy Implications

This chapter provides a simulation model for the analysis of the dynamic behavior 
for the wind power supply chain in terms of the emission reduction and synchroni-
zation of the energy policy. Results from the simulation model show that the syn-
chronization of the energy policy has a more significant impact on both emission 
reductions and the diffusion of the wind industry. These results coincide with other 
studies obtained by Cardenas et al. (2016). Whilst the effect-in tariff policy focuses 
on expanding the capacity of clean technologies without affecting fossil fuel tech-
nologies as much (Cardenas et  al. 2016), this chapter assesses other alternatives 
which include the transmission congestion issue.

Although Brazil is a country with a robust planning process of the energy sys-
tem, two factors contribute to the deceleration of the diffusion of wind power, with 
undesirable effects on emission reduction:

 (i) the construction delays for the power grid influence on the dynamic behavior of 
the supply chain, which reduces the generation capacity in the long term,

 (ii) the lack of synchronization of auctions policy to align power generation and the 
power grid.

Based on the results of this chapter, a few suggestions for energy and climate policy in 
Brazil are proposed. Given that the conditions for the renewable generation in Brazil 
are adequate to mitigate CO2 emissions, the country’s energy system vulnerability, as 
well as use technologies not yet technically mature, should be taken into account.

By utilizing our proposed simulation model, future research can investigate other 
related issues. For instance, according to Dranka and Ferreira (2018), the coal power 
plants and gas power plants in Brazil indirectly foot the externality bill for damage 
caused by emissions; therefore, future research should include testing carbon tax 
from different electricity generation technologies and its effects in the long run.
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 Appendix: Model Design

The simulation model comprehends three modules: demand, wind power supply 
chain (including transmission capacity) and fossil generation, as illustrated in 
Fig. 9.11. The demand module is comprising wind auctions which regulate the elec-
tricity market; this influences an expected order rate on the wind-power supply 
chain module. As the electricity price influence demand, wind technology is more 
attractiveness, electricity generation increases, and desired transmission increases. 
The fossil generation module includes emissions which affect the behavior of the 
carbon market.

Fig. 9.11 Model structure – wind power supply chain, demand and fossil generation
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Chapter 10
Energy Policy and Climate Change

Kankana Dubey

Abstract Is economic growth and development a zero-sum game vis-à-vis the 
environment: i.e. must economic welfare always come at the cost of environmental 
damage? This is one of the most fundamental questions facing humanity today – 
whether there is a way for both the economy and the environment to flourish, or if 
we must always make trade-offs between what’s best for each. Avoiding knee-jerk 
reactions wholly in favor of either side is important for society, as evidenced by the 
disorder experienced in several countries around the world at the hands of self- 
declared guardians of the environment. The fact is that climate change is not limited 
to a national boundary but is tied to international actions and reactions. While the 
price an economy pays for a sustainable future is purely a local price, the social 
costs resulting from environmental damage is shared globally. Hence, even if a gov-
ernment completely capitulated to the environmental extremists’ demands, there 
would still be environmental impacts to mitigate. In addition to developing energy 
policies to reduce carbon emissions, policymakers must act to prepare their econo-
mies to deal with climate change. Can energy policies be designed to simultane-
ously provide social and environmental benefits? The answer is an emphatic yes. 
This chapter shares examples of a select subset of countries, reviewing their climate 
change agendas and targets, in conjunction with supporting environmental policies. 
Specifically, the economic impacts of such measures, and the long-term impacts of 
such policies on energy supply and demand, are assessed.
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1  Introduction

We’ve all heard that hindsight is 20/20, and it truly is an amazing lens through 
which to view life. It allows all of us to say that someone should have expected 
some result, or should have seen it coming. Unfortunately, awareness of our present 
situation and the conundrums we are facing is much more difficult, especially when 
some of the future consequences are difficult to fathom.

There can be no reasonable doubt that anthropogenic global warming is real; this 
has been sufficiently documented and analyzed using both empirical data and com-
puter simulations. The earth is warmer now than in the past millennium, and the 
record levels of atmospheric greenhouse gases (GHG) are evidence that the warm-
ing trend will continue.

Climate change is especially challenging vis-à-vis hindsight. Most of us did not 
personally observe the early warning signs of global warming, and many that did 
could not understand the magnitude of the consequences. For example, the Mauna 
Loa observatory in Hawaii began monitoring increasing levels of atmospheric car-
bon dioxide in the 1950s, but it was not considered generally newsworthy. Major 
global efforts to collect and analyze climatic data only began in earnest during the 
1990s, and our understanding of the impacts of global warming are still developing. 
What we do know, from the analysis of various data sources (such as ice cores, 
ancient sediments, and even temperature records from seafaring voyagers), is that 
the concentrations of major greenhouse gases carbon dioxide and methane are now 
at the highest levels in the past 650,000 years (Dow and Downing 2011). The pres-
ence of these gases in the atmosphere are turning the earth into a planet-sized green-
house. Further, our current understanding of the physical climate system, with its 
many variables, has been captured in increasingly complete computer simulation 
models. Their efficacy can be tested against the record of past climates, and many 
have managed to reconstruct past climates with surprising accuracy.

There can be no reasonable doubt that human activities have changed the chemi-
cal composition of the atmosphere, and models that account for the increased levels 
of greenhouse gases caused by our activities generate output consistent with real 
observations. Oft-cited climate change impacts, such as more extreme storm sys-
tems and more frequent droughts and heat waves are consistent with these models’ 
predictions. While the computer simulation models capture the climate change sys-
tems well enough to replicate earth’s climate history, they cannot account for cur-
rent trends of global warming without incorporating the added burden of greenhouse 
gas emissions caused by human actions. The shift in the observed climate patterns 
has been at the center of current scientific debate, though we can no longer hope that 
climate change skeptics were right. Indeed, there is a growing confidence in the 
international scientific community that we are witnessing the first serious impacts of 
climate change (Dow and Downing 2011).

Global warming is affecting ecosystems in ways that are unprecedented; the con-
sequences of climate change occur everywhere and are globally interconnected. 
Unlike some other forms of pollution, emissions of greenhouse gases have a global 
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impact. Whether they are emitted in Asia, Africa, Europe, or the Americas, they 
rapidly disperse evenly across the globe. In addition, even local effects of climate 
change can become global. Impacts upon agriculture, for example, may begin with 
changes in crop yields at a local scale, but are ultimately felt around the world in 
higher prices and transportation costs. With the verity of global warming no longer 
a reasonable matter for debate, the proper debates are now regarding the economi-
cally- and socially-optimal ways of mitigating and adapting to global warming, as 
well as the best strategies for intergovernmental cooperation. The challenge of cli-
mate change is advocated through international organizations, striving to reach 
international collaboration, because it is a global phenomenon, and not constrained 
to one country. It can’t be stressed enough that initiatives to tackle climate change 
and develop effective energy policies will require international cooperation to make 
a substantial impact on global warming.

2  International Cooperation

The principal forum for international climate change action has been the United 
Nations Framework Convention on Climate Change (UNFCCC) (Kuyper et  al. 
2018). Since 2005, the annual conferences, known as the Conferences of the Parties 
(COP), have been held to assess the progress made by countries which have ratified 
the Kyoto Protocol; signatory countries who are legally bound to reduce their green-
house gases. More recently, additional international forums have become active: 
examples include the Asia Pacific Partnership, and agreements under the G8 (group 
of eight highly industrialized countries), starting with their 2005 meeting in 
Gleneagles, Scotland (World Nuclear Association 2017) which included the five 
outreach countries, known as Group of Five. In December 2015, the Paris agree-
ment consolidated years of negotiations with agreement among 196 countries to 
govern climate change reduction measures from 2020, targeted at limiting global 
warming to between 1.5 °C and 2.0 °C above pre-industrial levels (UNFCCC 2019). 
Figure 10.1 shows a compressed timeline of relevant conventions.

First World Climate 
Conference
1979

IPCC - assess 
scientific, technical 
and socioeconomic 
information on 
climate change
1988

UNFCC

1992-94

COP1 - Berlin

1995

KYOTO Protocol 
adopted
1997

Kyoto Protocol 
enforced 
(CMP1)
2005

COP21 - Paris 
agreement and NDC 
adaopted by 196 
countries. 
Agreement for  long 
term goal for 
adaptation
2015

Fig. 10.1 History of major climate-change-focused conventions and forums
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Although climate change agreements set carbon emission reduction targets 
through international approaches, policy measures to meet the obligations and 
objectives set by such agreements must obviously be implemented at the national or 
regional level. One example is the Carbon Neutrality Coalition network (CNC), 
founded by 16 member countries in 2017 (Carbon Neutrality Coalition 2018). EU 
member states dominate the coalition in a hope to meet the Paris Agreement goal of 
achieving carbon neutrality “in the second half of the century”. CNC members are 
developing long-term low-greenhouse gas emission strategies to become carbon 
neutral by transitioning to become a net-zero emission economy. Their primary 
focus is restructuring the transport, energy, and agriculture sectors through techno-
logical innovation and resource-efficiency policies. The target is shared by 32 cities 
worldwide. While the coalition was formed to utilize collective decision-making 
processes to develop optimal strategies, the mandate of reducing emissions would 
finally lay with the member countries. Each country would go down their own 
situation- specific path to achieve the common objective. International cooperative 
initiatives between countries such as this are expected to not only reduce carbon 
emissions, but also boost socioeconomic welfare, create highly-skilled jobs, and 
enhance the interdependency of supply chains across countries.

There is much happening on regional cooperation. For example, several Latin 
American and Caribbean countries are coming together, as they are facing similar 
challenges of rising temperature leading to the destruction of coastlines by hurri-
canes, loss of biodiversity, and other significant effects of increased carbon emis-
sions. These topics were all part of the agenda in the 20th Annual Caribbean Energy 
Conference, organized by S&P Global Platts, and held in Puerto Rico during 
January 2020. It is well understood by these countries that developing a strong long- 
term climate policy utilizing sustainable mechanisms will not only protect them 
from natural catastrophes, but also generate socioeconomic welfare. This is dis-
cussed in the following sections.

3  Climate Laws and Legislation

Several initiatives related to combating climate change have been – and are being – 
undertaken across the world in many countries. This focus on environmental policy, 
exhibited by both developed and developing economies, suggests the existence of 
strong political will driven by two factors. The first is increased awareness of the 
calamitous consequences of climate change, to which all countries are vulnerable. 
The second is increased awareness of the benefits of economic diversification which 
can be achieved through green growth (OECD 2019). Green growth could be 
defined as economic growth that uses natural resources in a sustainable manner, 
optimizing energy productivity; the paradigm is a combination of affluence (GDP 
per capita) and energy productivity.

Since the mid 1990s, there has been a significant increase in the number of laws 
and legislation framed for climate change across countries. A database developed 
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by the Grantham Research Institute on Climate Change and the Environment to 
track governmental climate change initiatives shows a steady increase in the number 
of laws enacted globally. The 160+ monitored countries account for 95% of global 
GHG emissions.

Of course, enacted legislation does not always necessarily translate into 
effectively- set carbon emissions reduction targets. Strict implementation across dif-
ferent economic sectors, with achievable outcomes, is also required. For example, 
the United Kingdom (UK) was one of the first countries committed to reducing 
greenhouse gas emissions by setting long term, legally-binding national legislation 
and carbon reduction targets (Norton 2018). This has not been without controversy, 
as critics argue that few other countries have passed similarly stringent climate laws. 
The UK was also the first country to establish an independent national committee – 
Climate Change Committee (CCC) - to track progress on climate change targets.

Another interesting example is that of China, which is leading the international 
race in reducing national carbon emission by developing both short- & long-term 
plans (DRC and OECD 2017). China has achieved an impressive balance of indus-
trial and environmental policies, by introducing its 11th, 12th, 13th five-year plans. 
These plans focused on reducing energy intensity within the nation’s industrial sec-
tor by simultaneously implementing energy efficiency and allocating resources 
more effectively. China’s efforts to restructure their industrial sector resulted in a 
structural shift in the economy, driving green growth. The Low Carbon Economy 
Index, produced by the consulting firm Price Waterhouse Cooper (Herweijer et al. 
2019), shows that China is on target to cut its carbon intensity by 3.5% annually 
through 2030. The same report suggests that the UK’s carbon budget implies annual 
reductions of 3.1%.

Another interesting fact highlighted by the Grantham Research Institute database 
is the manner in which some of the least-developed nations, which are particularly 
vulnerable to the consequences of climate change, are becoming increasingly active 
on climate change policy. While developed countries have focused on reducing 
greenhouse gas emissions, their counterparts have focused more on adaptation. 
According to the Grantham Research Institute, “Reflecting the low carbon footprint 
of LDC [least developed countries] and their high vulnerability to climate change, 
the focus of most laws has been on adaptation, but also on building frameworks for 
promoting and enabling green growth” (Nachmany et al. 2017).

Despite significant progress around the world, current climate policies fall far 
short of what is needed to prevent global warming from breaching the critical 
2 °C level.

4  Climate Adaptation and Mitigation

The challenges of mitigating and adapting to climate changes are unprecedented, 
but not insurmountable. Key elements and institutions already exist and can be used 
as a foundation for change. However, there remains much more to be done, with 
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delays resulting in higher future costs. As should be clear by now, the scale of efforts 
needed to return GHG emissions to safer levels require truly international coopera-
tion. A twin goal must be to facilitate adaption among countries least able to protect 
themselves from climate impacts.

Adaptation means building resilience against the  impacts of climate change. 
Adaptation and mitigation strategies are coupled together to reduce carbon emis-
sions while developing readiness to counter unforeseen natural catastrophes. 
Strategies for adaptation call for increased investments in two main areas: infra-
structure development for developing economies, and structural economic shifts in 
developed economies, such as reduced dependency on fossil fuels, and increased 
uptake of renewable energy. The perceived importance of adaptation by climate 
change policymakers has grown over recent years. In fact, it was a central pillar in 
the Paris Agreement. However, it remains underfinanced, especially relative to the 
financing available for mitigation efforts.

Financing is an important tool in designing the policies for adaptation and miti-
gation. According to a report by the UN Environment Programme, developing 
countries face enormous financial challenges to meet the requirements of advanced 
technological mitigation projects. Contrary to the claims of vocal citizen groups, 
many countries are making substantial progress towards reducing carbon emissions. 
However, the appropriate response must not be the instinctive reaction they demand, 
but a well-considered approach. We list here a few examples of countries, organiza-
tions, and institutions which are attempting to reduce the effects of global warming 
to protect their citizens and the environment.

The United Nations Food and Agricultural Organization has undertaken a study 
to assess afforestation policies across countries (Food and Agriculture Organization 
of the United Nations 2018). Using Global Forests Assessment data, they identified 
three primary types of afforestation strategies utilized by countries: natural regen-
eration (to restore natural forest), commercial plantations, and agroforestry (plant-
ing trees around agricultural land). In 2015, the top three tree-planting countries in 
absolute terms were China, the United States of America, and Russia. Relative to 
land area, the countries leading the race are the Czech Republic, Sweden, and 
Poland (Food and Agriculture Organization of the United Nations 2018). Several 
relevant initiatives are being promoted by NGOs, private sector organizations, 
government- run programs, and international institutions. One example is Treedom 
(www.treedom.net), an innovative online platform where an individual can plant 
trees in a country of their choice; common reasons are as a gift, to commemorate 
special events, or in remembrance of loved ones.

The World Bank’s carbon finance initiatives have supported activities in nearly 
80 countries and have made $2 billion in emission reduction payments since the first 
carbon fund was launched in 1999. In addition, the World Bank has further extended 
its support by starting a Climate Change Fund Management Unit (CCFMU). The 
CCFMU finances innovative and scalable climate and environmental action projects 
(Ostman 2019). With more than $6 billion in capital, these initiatives:
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• create partnerships to develop new financial instruments encouraging low- carbon 
climate-resilient development

• build supportive policy and regulatory environments to help lower the cost of 
capital for relevant projects

• catalyze private-sector capital to finance and scale-up climate action

5  A Complex Network of Policies; Striking 
a Delicate Balance

The ever-growing world population is leading to unprecedented increases in con-
sumerism, which is leading to increased energy consumption across every sphere of 
activity in everyday life. The negative impacts on the environment and climate of 
this situation have been sufficiently documented and analyzed through both empiri-
cal data and computer simulations. These impacts, which include melting glaciers, 
rising sea levels, and more extreme storm systems, cross all national boundaries and 
present an existential threat to all life on earth. There is a need for international 
cooperation, and most countries are actively attempting to develop policies that can 
mitigate the climate change challenge: developing a low carbon economy has 
become a high priority for many national governments. Policymaking is being influ-
enced by the general public and consumer groups. The reaction favored by many of 
these groups, however, has been more akin to an involuntary reaction to demand a 
complete halt to carbon emissions.

Is it reasonable, or even possible, for policymakers to implement stringent cli-
mate policies that eliminate fossil fuel consumption for industrial use, electricity 
generation, and transportation entirely? Sudden cessation of fossil fuel consumption 
would result in a complete economic shutdown, with day-to-day life coming to a 
standstill. Of course, this is not what anybody desires. Further, there is substantial 
political risk for a nation to take radical actions to move away from fossil fuel con-
sumption. The required additional taxation and imposition of higher fuel prices 
would create outrage within different economic sectors and amongst the general 
public – likely leading to loss of political power. What is needed is long-term struc-
tured planning to develop sustainable efforts that will benefit both the current popu-
lation and future generations.

In 2019, the UK experienced a result of such long-term planning and sustainable 
efforts. During 1 week in May – for the first time in the post-industrial revolution 
history of the United Kingdom – no coal was burnt to generate electricity (Ogden 
2019). This was the longest period since the inception of the industrial revolution in 
1882 that electricity was produced without the use of coal. In the absence of suffi-
cient sustainability planning, this could not have been achieved economically, short 
of shedding load. During 2018 and 2019, there have been several such milestones 
achieved globally, clearly demonstrating that progress towards reducing GHG emis-
sions is being made (UNFCCC 2019).
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Despite many claims to the contrary, policymakers have been concerned about 
the climate change agenda, energy security, and diversification away from fossil 
fuels since at least the 1970s (Fankhauser et al. 2015). Developing and planning a 
robust policy which meets the often-conflicting goals to simultaneously: decrease 
carbon dioxide emissions, reduce dependency on fossil fuels and adopt renewable 
energy, and reduce reliance upon energy-intensive industries that largely employ 
semi- and un-skilled labour; and yet: ensure continued access to energy, maintain 
economic development, and provide economic well-being is a complex undertak-
ing. It requires much strategizing and compromise between the government and 
civic society, whilst maintaining international cooperation.

Perhaps this is not an excuse for the fact that implementation of GHG emission 
reduction policies around the world have taken time, but such policies are also reli-
ant upon technological innovation. For example, renewable energy has been heavily 
researched since the 1970s, and strong efforts been made to adopt the technologies 
globally. Yet in 2018, renewable electricity generation only rose only 7%, with wind 
and solar PV technologies together accounting for 60% of this increase, according 
to the IEA (the following statistics are all due to the IEA). Although the share of 
renewables in global electricity generation reached 26% in 2018, renewable power 
as a whole still needs to expand significantly to meet the UN’s Sustainable 
Development Goal (SDG7) of half of electricity generation by 2030. Achieving 
50% share of electricity generation from renewables requires the rate of annual 
capacity additions to accelerate; however, renewable capacity growth stalled in 
2018 for the first time since 2001. In part, this is due to several barriers that exist 
within the political and regulatory systems. The diverse barriers, which vary between 
countries and regions, include limited technical capacity, social adaptability, finan-
cial and economic mechanisms, and infrastructure limitations, to name a few (Tosun 
et al. 2017). Policymakers must pay substantial attention to removing these barriers 
prior to, and during, developing policy development. Such efforts take a substantial 
amount of time; commitment and target setting for climate policies were initially 
undertaken in the late 1970s (Kuyper et al. 2018) and the progress has been slow.

Energy is one of the most important economic resources; however, energy con-
sumption is one of the most significant contributors to carbon emissions, whether it 
is for transportation or in residential buildings. It is imperative that every country 
balances the supply and demand of energy, and efficient use of energy can continue 
to provide economic and social benefits whilst securing the sustainability of the 
planet. The objective of climate policies should not solely be to reduce carbon emis-
sions but also to strengthen economic performance and improve social welfare in a 
country. One such type of carbon emissions reduction policy is decarbonisation.

Decarbonisation is a process of reducing GHG emissions by deploying advanced 
technologies, policy legislation and regulations, and substituting for higher effi-
ciency systems across sectors. Effective and efficient decarbonisation of an econ-
omy requires following a thoroughly-considered approach. Detailed analysis must 
be performed for each economic sector, so as to reach a decision of whether to 
implement measures to reduce carbon emissions or to completely decarbonize an 
individual sector. Such analysis must consider the strong inter-sectoral 
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interdependencies which exist, and the degree to which a change in one sector can 
precipitate a shift in the entire economic supply chain, triggering an impact on local 
and international industries. To abide by international agreements, most countries 
will need to make major economic changes – this will need to begin with a reassess-
ment of policymaking for the energy sector. The role of policy instruments such as 
legislation (primary and delegated), permits, auctions, labelling, self-regulation 
agreements, fees and charges, taxation / tax exemptions, loans and grants, informa-
tion, etc. in developing decarbonisation policy varies across countries. Following 
which, the economic viability of changing policies will need to be analyzed.

Historically, energy policies were centered on the economic demands of the soci-
ety, and security of supply; today’s energy policies are integrated with other con-
cerns such as: public health, industry, food production, transport, housing and 
infrastructure, environmental, etc. The use of energy in our daily lives has made it a 
vital means to create and sustain socioeconomic welfare. This has become even 
more true as globalization has increased, connecting and interlinking economies 
around the world. This is the age of international collaboration and cooperation. 
Action taken to shift energy generation/consumption in one country can trigger a 
change across the globe.

For example, a decision by Saudi Arabia to cease producing oil would cause 
crises in all fuel importing countries and dramatically impact global trade (Kern 
2019). Oil prices would skyrocket, and many existing stocks would be redirected 
from their intended destination. In the absence of sufficient alternative fuel sources, 
a substantial increase in fossil fuel prices could lead to economic catastrophe across 
the world. To tackle climate change, global cooperation is necessary. Few countries 
could alone cut their emissions quickly and deeply enough to prevent the concentra-
tion of carbon emissions in the atmosphere from rising to further dangerous levels; 
due to the global interlinking of economies, none of them should attempt to do so 
without international cooperation.

Many developing countries are the largest carbon emitters, but expecting coun-
tries to cut carbon emissions at the expense of their economic welfare might not be 
practical. However, international cooperation and technological advancement/trans-
fer can help reduce carbon emissions in developing countries such as China and 
India. In fact, some developed countries (the UK, USA) have successfully decou-
pled energy consumption from economic growth and transitioned towards a low 
carbon economy. The OECD definition of decoupling is the condition in which the 
growth rate of a negative environmental impact is less than that of its economic driv-
ing force (e.g. GDP) over a given period. Such economies can continue to grow 
without commensurate growth in energy consumption. Combating rampant climate 
change will require these developing countries to also decouple their economies. 
Strategic partnerships and joint initiatives could transfer relevant knowledge from 
developed to developing countries, to help them implement similar solutions for 
their economies, while adhering to local conditions. It is only a matter of time until 
all countries will be able to diversify and adapt ways to decouple energy consump-
tion from economic growth; it is in the best interests of humanity and the planet that 
this happens quickly.
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6  Decoupling Energy Consumption and Economic Growth

It is imperative to understand that without energy (in addition to other factors of produc-
tion such as land, capital, and labor) there could be no economy. Further, we can take as 
a given that every government acts to promote growth and development of its own econ-
omy. These two premises lead to the conclusion that energy consumption has continu-
ally increased, and will continue to do so, leading to the current climate change crisis. 
With rising populations in developing and emerging economies pushing towards higher 
incomes and better living standards, the law of incremental returns will eventually come 
into play. When this happens, the drive to achieve faster growth will decelerate, reducing 
the growth in carbon emissions, until countries decide to start following an agenda of 
sustainable growth. Economic growth is commonly understood to entail increased liv-
ing standards, and a social welfare system to reflect the country’s economic position. 
However, this does not always have to come at the expense of the environment.

Wilferd Beckerman (1992), along with other economists, suggested that econo-
mies can “grow their way” out of environmental problems if they become rich. This 
idea is based on the theory of Simon Kuznets (1955) and was empirically tested by 
Grossman and Kruger (1991), showing a causal relationship between income levels 
and economic growth; this is known as the Environmental Kuznets Curve (EKC). 
The EKC hypothesis explains a two-part inverted-U shape curve. The first portion 
of the curve depicts the early development stage, showing a positive correlation 
between increased demand for per capita income and environmental degradation 
leading to increased emissions (as seen during the industrial revolution) and 
increased demand for land use (agriculture, housing, etc.). After an inflection point, 
as income increases, the demand for environmental quality also rises. This leads to 
public actions to protect the environment, technological improvements, economic 
restructuring, natural resource reallocation, etc.

According to this hypothesis, economic growth is both the cause and the cure of 
human-caused environmental deterioration. However, it’s important to note that rever-
sal of environmental degradation does not necessarily follow as a result of economic 
growth. As evidenced by the literature since the 1990s, this reversal only follows if a 
society chooses to invest their higher income to develop policies and technologies that 
can result in improving the environment. This phenomenon is what we see occurring 
today in the developed world; it has been given the moniker “green growth”!

7  Concepts of Sustainability

Defining green growth as distinct from sustainability, energy efficiency, or energy 
productivity is an important first step in understanding the concept. Energy-related 
concepts have evolved over time, as shown in the economic literature, reflecting dif-
ferent periods and contexts. Energy conservation emerged as a result of the oil crises 
of the 1970s. Energy efficiency followed, with attention on ways to reduce the amount 
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of energy needed to run machines (e.g., cars, planes, industrial machinery). Broadening 
the scope to the whole economy, the concept of energy intensity emerged, shifting the 
focus to how much energy is consumed per unit of output (gross domestic product). 
More recently, the concept of energy productivity has emerged (KAPSARC 2017) as 
a new way of framing energy planning and policymaking. The underlying aim—i.e., 
to optimize the socioeconomic value of each unit of energy consumed—is of interest 
to multiple stakeholders, which has given rise to different ideas on how to operational-
ize the concept. Conceptually, energy productivity reflects what activities energy is 
used for in the economy (degree of structural diversification) as well as how well 
energy is used in specific activities (energy efficiency).

Those proposing energy productivity (KAPSARC 2017) assert the distinction 
that it places its emphasis more neutrally on how energy can be used to drive eco-
nomic growth and increase government revenues, while also lowering overall 
energy consumption, reducing carbon emissions, and resulting in decreased envi-
ronmental impact from energy consumption. Under energy productivity, the latter 
three aspects are viewed as co-benefits that can be realized through the primary 
drivers of economic diversification and increased energy efficiency. It can also be 
argued that concepts evolve to meet current anxieties and policy imperatives, and 
the emergence of new concepts does not need to incite competition with existing 
ones. Energy productivity is gaining traction around the world (KAPSARC 2017), 
because governments are seeking to boost growth and create jobs as first priorities, 
while remaining committed to reducing emissions and environmental impacts as 
co-benefits. Energy productivity can thus be viewed as a coherent framework that 
can be applied at the economy level to direct a wide range of policy domains—
financial, industrial, urban, transport, innovation, etc.—toward the overarching goal 
of increased growth, productivity, and competitiveness.

Energy productivity is both a policy agenda focusing on how energy can best be 
used to create value in the economy, as well as an indicator that integrates economic 
development with energy consumption. The framework of energy productivity can be 
useful to guide energy-related policymaking in all nations, even though economic 
dependencies and priorities vary widely. Relevant policymaking concerns include eco-
nomic development, job creation, regional development, infrastructure growth, energy 
access, energy security, electricity market reform, energy efficiency, pollution control, 
and greenhouse gas avoidance. The priority level of these, and other considerations, 
can be taken as indicators of the economic importance of energy productivity.

8  Decoupling Energy Consumption 
and Economic Development

It is imperative to understand that without energy (in addition to other factors of 
production such as land, capital, and labor) there could be no economy. Further, we 
can take as a given that every government should act to promote growth and devel-
opment of its own economy. These two premises lead to the conclusion that energy 
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consumption has continually increased, and will continue to do so, leading to the 
current climate change crisis, according to an article published by the Economic 
Policy Institute. With rising populations in developing and emerging economies 
pushing towards higher incomes and better living standards, the law of incremental 
returns will eventually come into play. When this happens, the drive to achieve 
faster economic development will decelerate, reducing the increase in carbon emis-
sions, until countries decide to start following a sustainable development agenda. 
This is according to the theory underlying the Environmental Kuznets Curve refer-
enced earlier (Grossman and Krueger 1991; Kuznets 1955).

The United States is the largest country to experience multiple consecutive years 
in which economic growth has been decoupled from growth in carbon emissions. 
Between 2010 and 2012, GDP grew from $14.8 to $15.4 trillion; during the same 
period, however, energy-related carbon emissions declined from 5.58 to 5.23 billion 
metric tons. While GDP grew by 4%, emissions shrunk by 6% (Aden 2016). 
According to the U.S.  Energy Information Administration, the shift to a cleaner 
electricity generation and transition system, planned for the 2020s, should bring 
about a sustained period of economic growth and energy demand decoupling (Aden 
2016). As illustrated in Fig. 10.2, total U.S. energy-related carbon emissions are 
forecast to decline by a further 6% between 2020 and 2025, while GDP is expected 
to increase by approximately 13% (in real terms).

In fact, the trend towards economic decoupling is becoming a global phenome-
non. Figure 10.3 lists more than 20 countries that have successfully decoupled eco-
nomic growth and greenhouse gas emissions between 2000 and 2014. With the 
exceptions of Bulgaria and Uzbekistan, all have done so by diversifying their econo-
mies away from the industrial sector. It is interesting to note that these two excep-
tions were able to reduce their reliance on energy growth to fuel economic growth, 
even while making only marginal reductions in the industrial sector (Aden 2016).

Fig. 10.2 US carbon emissions and GDP from 1950 to 2025. (Source: World Resources Institute)
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Fig. 10.3 Since 2000, more than 20 countries have reduced annual greenhouse gas emissions 
while growing their economies. (Source: World Resources Institute)
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9  Conclusion

There can be no reasonable doubt that anthropogenic global warming is real; this 
has been sufficiently documented and analyzed using both empirical data and com-
puter simulations. The earth is warmer now than in the past millennium, and the 
record levels of atmospheric greenhouse gases are evidence that the warming trend 
will continue. This is largely due to the relentless pursuit of economic growth, and 
the resultant increase in consumption of fossil fuels.

One of the most important conundrums facing humanity today is whether there 
is a way for both the economy and the environment to flourish, or if we must always 
make trade-offs between what’s best for each. Is economic growth and development 
a zero-sum game vis-à-vis the environment; i.e. must economic welfare always 
come at the cost of environmental damage? Can energy policies be designed to 
simultaneously provide socioeconomic and environmental benefits? The answer is 
an emphatic yes.

Human history is replete with energy transitions: man power to animal power, 
animal power to wood combustion, wood combustion to coal combustion, and the 
combustion of coal to oil. In each transition, relatively simple technological innova-
tions released vast resources at low cost. Essentially, change was inevitable. Global 
society is currently in the midst of yet another energy transition – that of fossil fuel 
combustion to various renewable energy generation technologies. It is reasonable to 
believe that it too will be successful, provided that the transition is impelled forward 
by overwhelming economic benefits, instead of the fear of the future.

Energy is one of the most important resources for economic growth. In a typical 
economy, economic growth goes hand-in-hand with increased energy consumption. 
We would say that energy and the economy are coupled. Decarbonisation through 
energy decoupling is becoming an increasingly used concept in the context of eco-
nomic production. It refers to the ability of an economy to grow without corre-
sponding increases in energy consumption (and environmental pressure). 
Decoupling is an efficient way to combat climate challenges whilst sustaining bal-
anced socioeconomic growth.

Key Definitions

Energy Productivity – reflects what activities energy is used for in the economy 
(degree of structural diversification) as well as how well energy is used in spe-
cific activities (energy efficiency).

Green Growth – is defined as economic growth that uses natural resources in a sus-
tainable manner, optimizing energy productivity; the paradigm is a combination 
of affluence (GDP per capita) and energy productivity.

Decoupling – is the condition in a country in which the growth rate of a negative 
environmental impact is less than that of its economic driving force (e.g. GDP) 
over a given period.

Decarbonisaton – is a process of reducing GHG emissions by ways of deploying 
advanced technologies, policy legislation and regulations, and substituting to 
higher efficiency systems across sectors.
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Structural Shift – occurs when countries diversify from the traditional economic 
sectors to new economic sectors; this change can occur due to several factors, 
including resource availability, shifts in supply and demand, political will, and 
the impact of globalization.
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Significance of the Chapter in the Book
The development of any economy is dependent on its sustainable energy resources. 
The world is seriously suffering from energy crisis; therefore, it is vital not only to 
search for new sources of energy but also to find sustainable solution to overcome 
the energy crisis. In this connection, the role of institutions is imperative to set the 
rules and regulation for investment and in search of new means of energy sources, 
their secure utilization and sustainability.

This chapter “The role of institutions in energy policy and environmental protec-
tion” is well according to the theme of the book tilted as “Dynamics of energy, 
environment and economy: A sustainability perspective.

1  Nature of Institutions

There are a variety of definitions of institutions that are available in the literature. 
The contributions of Acemoglu et al. (2008), Hodgson (2007), North and Thomas 
(1973) and North (1990) are significant in this regard. Institutions are organizations, 
system of a government or well established laws. According to North (1990, p. 3), 
“the institutions are humanly devised constraints that shape human interactions”. 
Institutions include both formal and informal constraints. The formal constraints are 
like organizations, rule and laws; whereas, informal constraints are like customs, 
traditions and way of life. Both formal and informal institutions determine the 
incentive structure for the betterment of the society. Since, institutions are key deter-
minants of incentive to invest; therefore, they have a vital impact on economic per-
formance of any country  (Kaufmann et  al. 2009, 2010, 2011; Keefer and 
Knack 1997).

Acemoglu et al. (2008) identified three features of institutions which include: (1) 
institutions are humanly devised constraints, (2) they are rules of the game with 
certain enforcement mechanism and (3) institutions also determine the incentive 
structure. Societies improve the living standard through the prosperity of the coun-
try with sound rules and regulations. Institutions are very important element for 
economic development of any country. According to Engerman and Sokoloff 
(2002), countries with better institutions and more property rights are fairly better 
in economic performance than countries with worse institutions. Better institutions 
increase productivity and attract more foreign investment, whereas, weak institu-
tional structure discourages foreign investment in one form or other  (Busse and 
Hefeker 2005).

1.1  Formal Institutions

Formal institutions are organizations, rules, regulations, policies, constitution, char-
ter or set of laws (Matthews 1998; North 1990; North 1994). These are well orga-
nized system with clear directions and procedures, which applicable for each and 
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every member of the society, regardless of the age, gender, race and religion. These 
formal institutions keep individuals socially, morally and psychological bound to do 
the things which are legitimate according to the law and for the betterment of the 
society. The common examples of formal institutions are government, public 
offices, judiciary, school, colleges, universities, constitution of the country, traffic 
rules, industrial and environmental policies etc.

1.2  Informal Institutions

Informal institutions are the customs, traditions, norms, mores, society, civilizations 
and the way of life (Matthews 1998; North 1990). These institutions are not well 
organized or documented but uniformly acceptable for each member of the society. 
The family is the main institution that known as one of the main form of informal 
institute. According to Anyakoha and Eluwa (1991), family is a group of persons 
united by the ties of marriage, blood or adoption; constituting a single household, 
interacting and inter-communicating with each other in their respective social roles 
of husband and wife, mother and father, son and daughter, brother and sister by 
creating a common culture. The families formed a society; which has its own norms 
and traditions. Traditions and cultures vary from society to society, however, some 
ways of life are equally shared by most of the societies, like ‘respect the elders’, 
‘switch off the lights when they are not in use’, ‘keep your environment clean’, ‘use 
water carefully’, ‘always speak the truth’ etc.

1.3  Social Institutions

In sociology, there are five major institutions which include: family, education, reli-
gion, economic and political (Fig. 11.1).

1.3.1  The Family

Family is the fundamental social institution in the society. The family is the biologi-
cal social unit comprised of family members including father, mother and their chil-
dren. The father is the head of the family, responsible for economic and social needs 
of the family (Hornby 2006; Lotempio 2002). The mother, the counterpart of the 
head of the family is responsible for moral and psychological needs of the family. If 
the family is economically, socially and morally strong, then each member of the 
family is consider as an asset of the society.
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1.3.2  Religion

The second most important element of the social institutions is the religion. Religion 
is concerned with the faith and belief in supernatural (Little and McGivern 2012). 
Religion includes beliefs and practices that serve the needs of society. Religion is 
also an example of a cultural universe because it is found in all societies of the world 
in one form or another. This provides the set of beliefs regarding Oneness of the 
God, the ultimate power in the Universe. The religion bound the member of the 
society to right things to do and do the things right, because the God rewards for 
right things and punish for evil things. Therefore, this belief keeps the society con-
fined for ideal and proper ways or behaviors to performed duties for the betterment 
of the society. When society has a strong belief and properly practicing religion, 
then it has clear rules of the game and member of the society abide these rules by 
the core of their heart.

1.3.3  Education

Education as well as educational institutions is the most important social institu-
tions in a society (Hornby 2006; Little and McGivern 2012). Education is consid-
ered as a formal constraint as it is structured on the basis of proper psychological, 
philosophical, social and cultural norms. The process of formal education starts 
from schools and ends at university level. In educational institutions we can learn 
about the laws, rules, regulations, policies and other ways of life.

The Family

Social Institutions EducationReligion

Economic Political

Fig. 11.1 Major five social institutions
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1.3.4  Economy

The economy is the social institution responsible for the production and distribution 
of goods (Little and McGivern 2012; North 1990). The two dominant economic 
systems in the world are capitalism, under which resources and means of production 
are privately owned, and socialism, a system under which resources are owned by 
the society as a whole. Well-established arrangements and structures that are the 
part of the culture or society are: competitive markets, banking system, kids’ allow-
ances, customary tipping, and a system of property rights. Institutions strongly 
affect the economic development of countries and act in society at all levels by 
determining the frameworks in which economic exchange occurs. They determine 
the volume of interactions available, the benefits from economic exchange and the 
form which they can take.

1.3.5  Political (Government)

Political institutions are the organizations in a government which create, enforce, 
and apply laws (Hodgson 2006; Little and McGivern 2012). They often mediate 
conflict, make (governmental) policies on economic and social systems, and other-
wise provide representation for the population. Political institutions and systems 
have a direct impact on the business environment and activities of a country. For 
example, a political system that is straightforward and evolving when it comes to 
political participation of the people and focused on the well-being of its citizens 
contributes to positive economic growth in its region.

Every society must have a type of political system so it may allocate resources 
and ongoing procedures appropriately. Along with the same concept, a political 
institution sets the rules in which an orderly society obeys and ultimately decides 
and administers the laws for those that do not obey appropriately.

2  Institutional Theories

2.1  Early Institutional Theories in Economy

The word institutions, is the one of the oldest ideas and thought that has continued 
to take diverse meanings over time. According to Scott (2008), “One of the early 
institutionalists, the Carl Menger, the Viennese economists, argued that institution 
is a social phenomenon which demands a comprehensive theoretical explanation. 
Menger insisted on the utility of simplifying assumptions and the value of develop-
ing economic principles”. He further revealed that, in mid-nineteenth century, three 
institutional economists had become quite influential: Thorstein Veblen, John 
Commons and Westley Mitchell. Veblen defined institutions as “settled habits of 
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thought common to the generality of man”. He insisted that much behavior was 
governed by habits and convention. According to Commons the “rules of conduct” 
are the basics to define the limits within which individuals and firms could pursue 
their objectives. He further stated that “the institutions are the solutions that consist 
of set of rights and duties, an authority for enforcing them and some degree of 
adherence to collective norms of prudent reasonable behavior”. Mitchell has similar 
views about the institutions and he is pioneered in collecting empirical data (Scott 
2008, p. 12).

2.2  Institutional Theories in Social and Political Sciences

Early institutionalists in political economy emphasized in constitutional law and 
moral philosophy (Scott 2008). According to them, institutions are formal struc-
tures and legal system therefore, they focused their attention on formulating formal 
political institutions, legal codes and administrative rules.

The sociologists paid much attention on defining and explaining institutions than 
the economists and political theorists. “The work of social theorists like Spencer 
and Sumner; Cooley and Hughes; Marx, Durkheim, Weber and Parsons; and Mead 
and Luckmann were widely considered in literature (Scott 2008, p. 7)”. According 
to Scott (2008), “an institution consists of a concept and a structure”. The “concept” 
defines the purposes or functions of the institutions, whereas the “structure” sym-
bolizes the idea of the institution and furnishes the mechanism by which the idea put 
into action. He further stated that the theorists like Cooley and Hughes also believed 
interdependence of individual and institutions. The great institutions like language, 
government, the worship places, laws and customs of property and of the family are 
all appeared to be independent and they are developed through the interactions 
among the individuals. They further stated that “the individual is always a cause and 
effect of the institution”. “Durkheim and his colleagues considered “religious and 
cultural beliefs” as institutions. For Durkheim, systems of knowledge, belief and 
oral authority are the social institutions. The social theorist like Mead and Luckmann 
focused on the process of institutionalization (Scott 2008, pp. 8–18)”.

Whatever the definition and explanation of the institution, according to the early 
institutionalists is, but Douglas North defined and explained the institutions in quiet 
professional manners. According to North (1990), “the institutions are humanly 
devised constraints that shape human interactions”. Institutions are formed of both 
formal and informal constraint; whereas, the work of the North and other modern 
institutionalists is described at the beginning of the chapter.
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3  Understanding Energy Policy 
and Environmental Constraints

It is essential to know about the energy policy, energy production, energy consump-
tion and environmental concerns related to energy. Energy being the backbone of 
the economy is the primary element to devise the rules of the game for regional as 
well as global economy. Economies which are self sufficient in production of energy 
either renewable or non-renewable energy are now setting the rules and regulations, 
laws and policies for rest of the economies.

3.1  Energy and Economic Growth Nexus

Energy sources are the assets and are essential for any economy as they stimulate 
the economic production (Shahbaz et al. 2015; Soytas and Sari 2003). Being a nec-
essary input, it is utilized not only in production but in many consumption activities 
as well. For development process, its importance cannot be negated. It is not only an 
input used in production process but also supports other factors like labor and capi-
tal. Earlier conventional growth theories were symbol of the idea that human capital 
and machinery are two main and primary inputs for industrial production while later 
theories like new growth theory highlighted the role of technology. The history of 
energy crisis proved that whenever there is a downfall in energy supply or increase 
in its prices it hampered the growth of many countries. Whether it is the oil crisis of 
1970s and 1980s or Asian financial crisis of 1997–1999 the world had experienced 
sizeable drop in economic production  (Dorgan 2015; Hondroyiannis et  al. 2002; 
Lee and Chang 2007).

After the oil crisis of 1970 it gained huge importance and discussed widely in the 
literature followed by the formative work on energy growth nexus by Kraft and 
Kraft in 1978. Thus, until these disasters were not happened, energy was not consid-
ered as a separate input for production due to the reason that the cost incurred on 
this input represents quite small percentage in total cost as compared to other factors 
like labor and machinery  (Dorgan and Seker 2016). However, it is another addi-
tional important factor of production like labor and capital. It does not have passive 
role to play in production rather co-equal with other factors or more important than 
these being accessory to them.

3.2  Energy and Sustainable Development Goals

In order to attain a better, sound and more sustainable future, UN has established 
Sustainable Development Goals (SDGs). It is also known as 2030 agenda since it is 
decided to achieve these goals by 2030. These are 17 goals interconnected to each 
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other and 7th of these goals is affordable and clean energy (WB 2019). Since energy 
is necessary for human, social and economic life as it is utilized in investments, 
industrial and agricultural productions which enhance employment and growth of 
country. Thus, not only this goal itself is important to achieve to secure energy sys-
tem but also important to achieve other goals. The main objective of this goal is not 
only to save existing global energy sources but to achieve a clean and inexhaustible 
energy system (Fig. 11.2).

For many years traditional or limited energy sources like coal, fossil fuels, gas 
and diesel are used extensively for both production purposes and consumers’ wel-
fare (Dorgan, 2015). Humans have used these resources continuously as they are a 
necessary element of operating their machines, devices, automobiles or other means 
of transportation and lighting up their places. Similarly, farmers have used them for 
different activities like fertilizing, irrigating lands and harvesting and industrialist 
for assisting their labor and capital machinery (Huang et al. 2008). Thus this pro-
longed use of coal, oil and other energy kinds is eventually resulting in their diminu-
tion. Over utilization of these and other energy sources is due to increasing demand 
for them by specially manufacturing and transportation sectors as both are more 
energy dependent than other sectors so that’s why each country’s effort to flourish 
further, increase living standard and incomes of their people is what provoking this 
demand to rise (Chandran et al. 2010). This situation of increased demand and use 
of energy can result in their complete extinction and brought serious impacts not 
only for development but for human continuity also. Since the history witnessed 
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that all energy crises had disturbed the growth of countries going through it. Thus it 
is needed to come up with those sources that are not fixed in their quantity.

3.3  Need for Renewable Energy

Renewable energy sources (e.g. hydro, wind, solar, biomass etc.) will not only save 
the limited available natural energy sources that are in danger of complete dying out 
but also save world from serious environmental threats due to its negative external-
ity (RGSR 2017). IEA (2017) statistics showed that share of world energy use in 
GHG emission is 60%. That’s why uninterrupted supply of clean energy is not only 
necessary for current and future progress but also guarantee the dirt less surround-
ings as well. On the one hand energy is necessary for economic activities while on 
the other environmental pollution also come along with its use. Burning of fossil 
fuels and wood is major reason for ever increasing CO2 emission level (Wang et al. 
2011; Warr and Ayres 2010). Due to easy availability and low cost these are used 
massively by people irrespective of its consequences on environment  (Lin and 
Moubarak 2014; Sadorsky 2009; Squalli 2007). According to report of IEA (2017) 
fuel energy use has increased CO2 emissions up to 33 GtCO2 in 2015 due to indus-
trial revolution. Now, emission emitter economies particularly and others generally 
are pressurized by environmental agency to review and revise their energy policies 
and portfolio after energy scarcity, global warming and other changes in world cli-
mate are becoming the focus of their attention (Fig. 11.3).

Without reducing current global warming, the world can lead to severe environ-
mental disaster along with sharp decline in GDP. Since, the economic cost of global 
warming is greater than the amount of GDP needed to improve environmental con-
dition. It would incur just 1% of world’s gross domestic product in order to mitigate 
the greenhouse gases (GHG) while its 25% could be economic cost of deteriorating 
the climate. Production and installation of renewable energy plants can be one of the 
corrective actions that will lead to the sustainable development (Jaforullah and King 
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Fig. 11.3 Five main environmental concerns
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2015). So, major reason for introducing alternate clean energy in country’s energy 
portfolio can be twofold. One is that its utilization will not deteriorate the climate 
and second is its non-exhaustible characteristic which highlights its importance not 
only in improving environment but also sustaining growth  (Menyah and Wolde- 
Rufael 2010).

Since, it is renewable energy that can strike a balance between economic, social 
and ecological development, therefore, in order to cut down increasing energy use, 
increasing carbon level and to maintain green sustained economic growth, renew-
able energy is a possible solution. Because this energy has endless and beneficial 
sufficiency along with possible means of achieving environmentally sound growth. 
There are investment incentives as well to install renewable energy production 
plants since world renewable energy capacity has increased from 2,012,430 MW in 
2016 to 2,179,099 MW in 2017 with Asia being first having capacity 918,655 MW 
and china being second with 618,803 MW capacities  (IRENA 2018). Moreover, 
investment in renewable energy will add to the growth by creating jobs as in 2016 
this sector employed 9.8 million people. Because of this, the need aroused to check 
its impact on growth and thus, later on the researchers focused their studies to 
uncover the significance of alternate energy sources in growth process and debate 
has converted from energy-growth nexus to renewable energy-growth nexus 
(Fig. 11.4).

Now, both energy types are playing their role in production activities since coun-
tries are moving towards renewable energy because of its ability to fill the gap 
between its supply and demand. Though its share which accounts for 34% in total 
supply is less as compared to unclean energy comprised of 82% of global figure in 
2015. However, according to IEO (2017) statistics they will grow at 2.8% rate per 
year as the technological development and incentives by the government body sup-
port their use over the years of 2015–2040. Moreover, being fastest growing sources 
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their collective share including hydro power will rise to 57% in 2040.Thus the effect 
of both fossil (non-renewable) and non-fossil (renewable) energies on the growth of 
world’s economies is needed to capture in order to establish that which contrib-
utes more.

4  Role of Formal Institutions and Environmental Protection

The concept of environmental protection is to protect the existing natural resources 
and natural environment. For this purpose, the individual as well as organization 
based activities to conserve the natural resources and repair the damage by any 
means are considered as environmental protection. The environmental protection is 
also concerned with the protection of ecosystem from unwanted changes in the 
environment. The protection of the environment and the ecosystem is the dire need 
of the day all over the world due to rise in industrial production and deforestation. 
To cope up with the rest of the world, the industrial revaluation was also felt in 
Pakistan and the gradual rise of industrial production lead to air pollution and water 
pollution, deforestation, natural resources degradation, urbanization and damage of 
pretty natural environment. To safeguard the natural resources and environment, the 
government of Pakistan has passed the legislation to protect the natural resources 
and environment and also devised a policy regarding energy production and its 
consumption.

4.1  Pakistan Environmental Protection Act 1997

The Pakistan Environmental Protection Act 1997 was passed by the National 
Assembly of Pakistan on September 3, 1997, and by the Senate of Pakistan on 
November 7, 1997. The Act received the assent of the President of Pakistan on 
December 3, 1997. The text of the Environmental Protection Act 1997 is as follows:

Act No. XXXIV of 1997

An Act to provide for the protection, conservation, rehabilitation and improvement of the 
environment, for the prevention and control of pollution, and promotion of sustainable 
development.

The Punjab Provincial Assembly and Khyber Pakhtunkhwa Provincial Assembly 
also passed the environmental protection act in 1997 and 2014 respectively. The 
purpose of these Acts is the practice of protecting the natural environment by indi-
viduals, organizations and governments. Its objectives are to conserve natural 
resources and the existing natural environment and, where possible, to repair dam-
age and reverse trends (Fig. 11.5).
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4.2  Pakistan Energy Policy

The energy policy of Pakistan is formulated and determined by the federal, provin-
cial, and local institutional entities in Pakistan, which address the issues of energy 
production, distribution, and consumption of energy, such as gas mileage and petro-
leum standards. Energy policy requires the proper legislation, international treaties, 
subsidies and incentives to investment, guidelines for energy conservation, taxation 
and other public policy techniques.

Several mandates and proposals have been called over the years to overlook the 
energy conservation, and reducing the electricity load used by industrial units by 
25% during peak hours but no comprehensive long-term energy strategies were 
implemented. Since 1999, many legislative provisions were adopted for energy con-
servation including the seeking energy from various renewable energy sources. 
There is also an intense criticism about the unequal distribution of energy, the irre-
sponsible usage of energy sources, and the country’s new plan which is aimed to 
raise country’s dependence on imported oil for power generation to 50% by 2030. 
After much public criticism, the long-term energy security policy was announced in 
2013 through the introduction of equal cutting edge energy transmission network, 
minimizing financial losses across the energy system and aligning the ministries 
involved in the energy sector as well as improving the governance of energy 
sources (Wikipedia 2019).

Studies and policy implementation recommended by Alternative Energy 
Development Board (AEDB), Water ministry (as policy enforcer), the National 
Electric Power Regulatory Authority(NEPRA) regulates the energy sources net-
work as well as determining the financial prices of the usage of energy. 

Fig. 11.5 Working hierarchy of Pakistan Environmental Protection Agency
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Government-specific energy-efficiency incentive programs also play a significant 
role in the overall energy policy of Pakistan. As of 2013 Prime Minister has 
announced a determined and aggressive energy policy to meet the energy challenges 
and energy management.

Now the Federal Government has approved renewable energy policy 2019 with 
the aim to produce cheap and clean energy by using indigenous resource. Giving the 
targets set in the policy, the Ministry for Power aimed to produce 8000 megawatts 
of power from renewable sources including solar and wind by 2025 and 20000 
megawatts by 2030. By the inclusion of hydel generation the share of clean and 
green energy will be raised to 60–65%. Under this policy, manufacturing of solar 
panels and wind turbines will also be locally manufactured and this will give a 
major boost to the industrial base in the country in coming future (Table 11.1).

5  Conclusion

The role of institutions are very much imperative in energy efficiency, environmen-
tal protection and sustainable development. It is clear from the discussion above that 
the institutions are the humanly devised constraints that helps the member of the 
society without discrimination. These constraints are equally acceptable for each 
member of the community. These constraints are formal as well as informal. Both 
kinds of institutions are important in shaping the society. Formal institutions pro-
vides the rules, regulations, policies and legislations, while informal institutions 
provides ethical and moral norms, habits and cultural values of the society.

Energy being the primary source of industrial production is oxygen for the eco-
nomic development of the economy. Over utilization of energy- a scarce resource is 

Table 11.1 Institutions and their functions in promoting clean and green energy, and environmental 
protection

Institutions Major Functions

Formal Political Policy making, legislations, forming rules and regulations, power 
delegations, deciding penalties

Education Educating formally in Schools, Colleges and Universities about the 
rules and regulations, laws, policies of clean energy and sustainable 
environmental development

Economic Providing cost benefit analysis of using renewable energy resources, 
scarcity of non-renewable resources

Informal Family Educating children informally at home about efficient utilization of 
resources like energy, water, paper, educating about protecting 
environment, how to save water, how to keep the environment clean, 
how to save energy

Religion Providing religious information regarding energy efficiency, 
cleanliness, optimal utilization of resources
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a big challenge for the economies but also the industrial waste is creating problem 
for the environment. In this regard the regulations about the environmental policy of 
Pakistan were discussed in detail. The government of Pakistan has passed a regula-
tion (i) for the protection, conservation, rehabilitation and improvement of the envi-
ronment, (ii) for the prevention and control of pollution, and (iii) for promotion of 
sustainable development. Similarly, Pakistan has formulated the national energy 
policy by the federal, provincial, and local government, which addresses the issues 
of energy production, distribution, and consumption of energy. So, there is a strong 
need for sustainable and clean energy resources not only in Pakistan but all over the 
world. In this regard, the role of institutions is very much critical to provide proper 
rules and regulations, policies and laws to protect the earth and environment from 
pollutions, global warming, and deforestation. Also educate the society about effi-
cient and optimal utilization of resources, keeping the environment clean and green. 
In this way we may be able to become self sufficient in energy production and have 
a green and clean future.
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Chapter 12
Access and Limitations to Clean Energy 
Use in Nigeria
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Abstract The energy situation in Nigeria has always been a paradox. Despite hav-
ing abundant energy resources in the country, widespread energy poverty is faced by 
the citizenry. About 60% (74 million) are not served with electricity, while another 
94% (171 million) do not have access to clean energy. In a bid to cushion the effect 
of energy poverty, households and business enterprises in Nigerians relied on the 
constant use of generators, which is not eco-friendly, is costly and harmful to human 
health. The study adopted a think-through thematic methodological analysis, which 
involves the mapping of the country’s potential clean energy sources. Thematic lit-
erature reviews were integrated to investigate the clean energy experience in the 
country. Taking into consideration the geopolitical classification of the country, 
interviews were conducted to examine the energy conditions in the country and the 
limitation to the maximization of clean energy within their locality, as well as the 
perception of its acceptability within the country. Study findings show that the main 
factors limiting the use of clean energy in Nigeria are exorbitant costs of installation 
and maintenance, inadequate investment in the energy sector; non- involvement of 
the private sector, and the subsidies granted to generators of energy from fossils.
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1  Background to the Study

Cities globally are experiencing rapid urbanization. It is envisaged that by the year 
2050, the world population would have risen by 70%, with cities attaining sizes not 
experienced before (United Nations (UN) 2017; Food Agriculture Organisation 
(FAO) 2009). This implies that the global demand for energy will continue to 
increase since man’s daily activity depends on energy. Energy is seen as an essential 
component of development that affects the peace, security, well-being, physical 
environment, and the socio-economic growth of a nation (Jatau et al. 2006; Urban 
2009; Ajah 2013). The energy situation in Nigeria has always been a paradox (Eleri 
et al. 2012) because despite having abundant energy resources in the country, wide-
spread energy poverty is faced by the citizenry. Approximately 60% (74 million) are 
not served with electricity, while another 94% (171 million) do not have access to 
clean energy (REN21 2018).

In a quest to achieve economic, technological, and industrial advancement, cities 
in both developing and developed countries depend primarily on energy from fossil 
fuel and other sources. Nnaji et al. (2010) reported that in a bid to cushion the effect 
of energy poverty, households and business enterprises in Nigeria relied much on 
the constant use of generators. This alternative (generator or fossil fuel) energy use 
is not eco-friendly, costly, and harmful to human health. REN21’s (2016) report 
stated that 78.3% of global energy consumption was produced from fossil fuel, 
while 19.2% and 2.5%, accounts for renewable and nuclear energy, respectively. 
Studies (Uduma and Arciszewski 2010; Oyedepo 2014) have identified that the con-
tinuous use of generators and fossil fuel poses a massive obstacle to sustainable 
economic and social development, both in urban areas and at the grassroots level.

The increasing rate of global warming has been attributed to cities’ generation of 
greenhouse gases owing to their enormous dependence on fossil fuel (Satterthwaite 
2008). This shows that the colossal dependence on fossil fuel by cities over the 
world is unsustainable in terms of its global impact and depleting resources. Amidst 
this rising global energy use, Merem et al. (2017) opined that access to renewable 
energy would catalyze global  and  regional economic advancement. Renewable 
energy or clean energy is a form of energy generated from the natural resources that 
are constantly replenished. This form of energy includes Solar, hydroelectricity, 
wind, tides, and geothermal energy. According to Newman et al. (2011), renewable 
energy enables cities to create a healthy and liveable environment while minimizing 
the use and impact of fossil fuels.

Despite having high potentials of renewable energy in Africa, the continent is yet 
to fully harness these potentials, thus making access to energy a challenge (Kerrigan 
2001). For instance, 58% of the energy supply of Africans comes from fuelwood 
and charcoal, and these sources (fuelwood and Charcoal) rival other sources of 
industrial energy such as electricity (Specht et al. 2015). This scenario is not far- 
fetched in terms of the situation of access to clean energy in Nigeria. With the abun-
dance of fossil fuel and renewable energy resources in Nigeria, Nigerians still 
experience acute energy poverty. This connotes that Nigerians either lack access to 
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clean energy sources or have to cope with insufficient choice in accessing adequate, 
affordable, reliable, high quality, and environmentally energy services to support 
economic and human development (Nnaji et al. 2010).

Reports are that 55% of Nigerians are wholly reliant on charcoal, fuelwood, 
biomass, and animal waste for heating and cooking (Maduka 2011). This signifies 
that Nigerians are climbing down the energy rungs. REN21 (2018) affirms this 
claim by asserting that 171 million people in Nigeria do not have access to clean 
cooking energy, while another 74 million do not have access to electricity in the 
country. The “sporadic” access to clean energy experienced in Nigeria threatens the 
realization of goal number seven of the sustainable development goals.

Different studies and approaches have been taken by various scholars to address 
the issues of sustainable energy in Nigeria. Most of the studies conducted have 
dwelt more on exploring the potentials and conditions for renewable energy adop-
tion in Nigeria. Additionally, ample studies carried out on sustainable energy in 
Nigeria were conducted in the field of engineering, with a sole focus on access to 
clean energy in the urban areas, thus neglecting the social aspect of the rural (grass-
roots) dwellers. Slightly aligning with the multi-tier energy matrix, this study using 
a bird’s eye view, the country-wide experience shall investigate conventional energy 
access in Nigeria, access to clean energy, and also identify the factors that limit the 
use of clean energy in the country.

The driving keyword and question of this study is if local resources can be maxi-
mised to alienate a communal energy crisis. The study justification lies in and 
implies that the study on access to clean energy services in Nigeria with a focus on 
rural areas will help ameliorate the issues that accompany energy poverty at the 
grassroots level. This study will guide policy-makers to put in place necessary 
mechanisms that will aid the uptake of clean energy service development in Nigeria. 
This will, in turn, help in the swift realization of the SDGs across communities and 
the entire country at large.

2  The Energy Situation in Africa and Nigeria

The existence of a global energy crisis has been reported by Vahid-Pakdel et  al. 
(2017). The heavy reliance of developing countries on fossil fuels as a significant 
source of energy presents a negative consequence of increased CO2 emission (Jebli 
and Youssef 2017). In North Africa, it was reported that 92% of the energy used is 
from fossil fuel (coal, gas, and oil), with only 8% from renewable energy sources 
(United Nations Economic Commission for Africa 2012). The importance of energy 
in the socio-economic, political, and industrial development of any nation cannot be 
over-emphasized (Oyedepo 2014) because energy provides an essential ingredient 
for virtually all human activities ranging from transportation to communication, 
schools, industrial activities, agricultural activities, and other domestic activities.

According to the UN (n.d), energy is believed to be central to every major chal-
lenge and opportunity the world faces today, be it challenges and opportunities for 
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jobs, security, climate change, food production increasing incomes. Steurer et al. 
(2016) reported that electricity project challenges in Africa could be traced to politi-
cal instability and limited private sector involvement, which can, in turn, be traced 
to a highly burdened regulatory framework. Although Africa is characterized by a 
difference in the level of connection and access to electricity, the common denomi-
nator is that many households remain unconnected to electricity (Mas’ud et  al. 
2015; Alnaser and Alnaser 2011). According to UNDESA (2004), one limitation to 
Africa’s imbalance and the poor state of electricity connectivity is the imbalance 
between electricity generation and consumption.

Limited access to electricity services and power infrastructure is experienced in 
Africa (Taliotis et al. 2016). Across the rural and urban spaces, the dichotomy in 
electricity and energy access remains a common reality. Aliyu et al. (2018) wrote 
that Africa (especially Nigeria, Libya, Mozambique, Algeria, and Egypt) is blessed 
with a potential for energy from non-renewable sources, many of which remain 
under-utilized and optimized. Taliotis et al. (2016) reported that variability as much 
as low access is reported across Africa (85% national electrification in South Africa) 
and more evidently experienced in sub-Saharan Africa (3% in the Central African 
Republic and 4% in Chad). Hence the spatial disparity across urban and rural com-
munities cannot be ignored. For example, in Cameroon, 88% of urban areas and 
17% for rural communities are connected. Trotter’s (2016) study on rural electricity 
experience from 46 sub-Saharan African countries, which included Ghana, 
Swaziland, Uganda, Senegal, and Rwanda, shows that political, economic, and 
demographic variables were a significant determinant of rural electrification. The 
study identifies the roles played by country democracy in increasing rural electrifi-
cation and directly reducing electrification inequality between rural and urban areas. 
Furthermore, and as narrated by Pachauri et al. (2012), Fig. 12.1 presents the level 
of rural connectivity to electricity, which differs across global and African spaces. 

Fig. 12.1 Global Rural Electricity Access. (Source: Pachauri et al. 2012)
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In Africa, sub-Saharan, Eastern, and Central African countries are characterized by 
the least rural population electricity accessibility ratio (Fig. 12.1).

According to Popoola and Magidimisha (2019), the solution to the increasing 
energy demand for Africa is for African counties, with a particular focus on Nigeria, 
to fully maximise and explore the integration of renewable clean energy sources 
into the national grid and for sparsely arranged rural households and urban poor.

3  Clean Energy in Africa and Nigeria

The global energy crisis (Vahid-Pakdel et al. 2017) led to the maximization of and 
diversification into the use of renewable and clean energy sources. Various scholars 
have carried out studies on access to clean energy. These tend to share the same 
perception that clean energy is a crucial component to achieving sustainable devel-
opment. Oyedepo (2014) further opined that working with the goal number seven of 
the SDGs (affordable and clean energy) is essential as it interlinks with other sus-
tainable development goals, which include eradicating extreme poverty and hunger; 
achieving universal primary education; promoting gender equality and empowering 
women; reducing child mortality; improving maternal health; combating diseases; 
and ensuring environmental sustainability.

Increased access to clean energy services in Nigeria has been identified to help 
ameliorate the issues that accompany energy poverty in the country. In a study car-
ried out by Osunmuyiwa and Kalfagianni (2017) on the adoption and variation in 
renewable energy in Nigeria’s 36 States using three analytical lenses (niches, 
regimes and landscape), it was revealed that a combination of regime and landscape 
characteristics enables states to overcome dependence on fossil fuel while trigger-
ing the adoption of renewable energy. The study reveals that States with high income 
and a regime featuring institutions and coalitions supporting transitions establish 
themselves as pioneers, while States with medium/low income and a regime charac-
terised by a weak pro-renewable energy political coalition support emerge as 
laggards.

Explaining the wealth and income effect, Edomah (2016) examined the barriers 
of cost, pricing, legal, regulatory, and market performance to explain sustainable 
development in Nigeria. The study concluded that policy recommendations that will 
bring about infrastructure upgrades, curb pipeline vandalism, increased fossil fuel 
consumption, increasing demand, and increasingly scarce resource constraints are 
imperative to addressing the economic, social, and environmental dimensions of 
sustainable energy. Places forwarding a policy of bilateral arrangements in enhanc-
ing access through clean energy sources, Jebli and Youssef (2017) identified that an 
example of the clean energy initiative between the European Union (EU) and some 
North African countries which is expected to improve clean and renewable energy 
within the regional markets is the Mediterranean solar plan (MSP).

In the same vein, Oyedepo’s (2014) opinion on energy and sustainable develop-
ment in Nigeria is that energy policy and strategy for delivering access to modern 
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elemental energy need to be put in place by the government. Akorede et al. (2017) 
reported that overcoming the energy poverty in Nigeria can only be achieved 
through an increased exploration of the abundant renewable energy resources in the 
country across energy demanding sectors. It is therefore imperative for the Federal 
Government of Nigeria to develop a “Sustainable Clean Energy Future Framework” 
aimed at increasing the deployment and innovation of renewable energy in the 
country (Oyedepo 2014).

In Nigeria and Cameroon, despite solar radiation and good  wind speed, poor 
leadership and weak governance have limited the maximization of the available 
clean energy sources and connection to the national grid (Mas’ud et al. 2015) for 
more commercial usage. Buttressing this, the International Energy Outlook report 
by the US Energy Information Agency (2013) reported that Africa’s reliance on 
conventional energy sources of biomass and hydroelectricity generation is a limita-
tion to her potential improved access to increasing energy demands. Using sources 
from SolarGIS (2011) analytics, Mas’ud et al. (2015) presented the solar energy 
potential of Nigeria using the country’s irradiation map (see Fig. 12.2).

Fig. 12.2 Solar Energy Potential of Nigeria showing Sun Irradiation. (Source: Mas’ud et al. 2015 
data from SolarGIS 2011)
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Popoola and Magidimisha (2019) argued that with the abundance of solar radia-
tion in Nigeria, the country limits its use to some politically motivated “streetlight 
show-off projects.” They argue that few households, many of which are within 
urban areas, use solar energy sources. Aliyu et al. (2018) suggested that with South 
Africa, Egypt, and Nigeria being the major African energy users, renewable sources 
such as the sun (photovoltaic and solar thermal), hydro and wind fuel can be opti-
mized for African consumer demand. In Northern Africa, Jebli and Youssef (2017) 
and the United Nations Economic Commission for Africa (2012) reported that with 
an over 8% annual increase in the demand for energy and, fossil fuel domination in 
energy sources, there is a need for an energy mix to explore the use of renewable 
and clean energy fully.

4  Methodology and Materials

This study involves a mixed-method approach. Primary data was obtained from the 
interviews conducted, and secondary data was gathered from monographs and other 
existing literature. The methodology involves a Think-Through Thematic Analysis, 
which involves the mapping of the country’s potential clean energy sources. In ana-
lyzing, the geopolitical classification of Nigeria was taken into consideration in the 
analysis of the potential of maximizing clean energy for the easing of energy defi-
ciency in the country. A Thematic literature review shall be integrated to investigate 
the clean energy experience in the country. Interviews were conducted for twenty 
(20) conveniently sampled stakeholders across Nigeria on the conditions of electric-
ity, limitation to the maximization of clean energy within their locality, and percep-
tion of its access across the country (Table 12.1). The interviewee responses were 
transcribed and analysed using thematic analysis. Electricity access across the 
country was investigated and mapped using secondary data from the Nigerian 
Bureau of Statistics.

Table 12.1 Sampled respondents for the interview

S/n Location/geopolitical zone Occupation

1. Northern Nigeria 1 Academic/lecturer
2. South-Western Nigeria 2 Private consultant and 1 IT personnel
3. South Nigeria 1 Spatial scientist and health consultant
4. South-Western Nigeria 1 Rural farmer and solar panel user
5. South-Western Nigeria 2 Researchers
6. Eastern Nigeria 2 Academics/lecturer
7. South-Western Nigeria 1 Planner
8. Northern Nigeria 1 Planner
9. Middle belt of Nigeria 1 Private consultant
10. South-Western Nigeria 4 Peri-urban/Urban dweller
11. South-Eastern Nigeria 3 Peri-urban dweller

Source: Authors’ Compilation (2019)
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5  Access to Energy (Electricity) in Nigeria

The interviewed respondents report a mix-grill experience of the electricity situa-
tion in Nigeria. Responding to the situation within the country, the energy situation 
in Nigeria as being deficient in energy resource generation investments and legisla-
tion was identified. The Nigerian energy sector generates far less than is required for 
daily use in the country, thus tremendously affecting other sectors such as the indus-
trial, power and transportation sector that run predominantly on electricity defined 
energy. Nigeria’s extreme electricity deficiency has been argued to be multi-facet as 
it represents a vehemently grossly below the national average demand. Participant 
11 opined that financial, structural, and political factors cause this multifaceted defi-
ciency, none of which are mutually exclusive. Analysing the deficiency and the 
geographical place of deficiency, it was identified that the urban poor and isolated 
rural areas (in the words of Participant 10 “the masses”) are the most affected by the 
electricity deficiency.

Participant 4 stated that there is a “…general knowledge that the situation of 
energy in Nigeria is appalling. Though there are improvements on multiple fronts in 
the chain of production and supply of energy, the sustainability of such improvement 
is virtually impossible…” This statement presents a ‘seem positive’ energy experi-
ence and attempts to improve the condition.

As presented by the Nigeria Bureau of Statistics (2015) and represented in 
Fig. 12.3, the level of access to electricity in the country continues to decline and is 
at the lowest in the Northern part of Nigeria.

The Western part of the country is characterised by and recorded the highest 
access to electricity. Reinstating the idea that poor electricity energy access across 
the Nigerian space cannot be unexpected based on the “welfarist approach” with 
which the government has handled the generation and consumption mechanism. 
This approach is continually characterised by massive subsidization of electricity 
and energy changes, pricing, and costing systems.

Awoyinfa et al. (2019) reported the thoughts of stakeholders (such as the former 
Governor of the Central Bank of Nigeria; the Nigerian Employers’ Consultative 
Association; the Chartered Institute of Bankers of Nigeria; the Corporate Affairs 
Director; the Manufacturers Association of Nigeria; the Centre for Social Justice; 
and other academia) that the subsidy implementation on electricity and fuel remains 
unsustainable and unrealistic taking into consideration the cost implication of the 
subsidy on the country’s debt profile. The Daily Trust (26 June 2019) reported that 
the complete removal of the subsidy, but in a gradual process, remains the route to 
solving the electricity distribution, generation, and consumption variance. This 
argument aligns with the views of participants who attributed the below-par energy 
condition of the country to its subsidization.
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6  Clean Energy Access and Potential Distribution in Nigeria

6.1  Understanding clean energy and access

The study attempted to investigate the understanding of the conveniently sampled 
respondents of what clean energy entails. The responses present four main themes, 
which are based on typology, limited or no waste, the capacity to not emit CO2, and 
the source of generation from natural sources (Table  12.2). From the responses 
received, clean energy is an eco-friendly form of energy that is naturally derived 
from sources such as sunlight, wind, and hydro and is pollution-free with no green-
house gas emissions such as CO2.

Having presented a general perception of the understanding of interviewees of 
clean energy, the study attempted to evaluate the country’s access to clean energy. 
The evidence reveals that accessibility, which is rated to be poor, to clean energy 
remains limited owing to the significant financial cost of installation (Participant 1); 
and is exacerbated by low/under-efficient facilities (Participant 3); few providers 
(Participant 4); is capital-intensive; lack of affordability and poor awareness 
(Participant 5); and weak purchasing power (Participant 13). Narrating the reasons 

Fig. 12.3 Access to electricity in the Nigerian States (in percentage %). (Source: Authors’ 
Mapping. Adopted from the Nigerian Bureau of Statistics, 2015)
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why access can be limited, Participant 4 reported that with the availability of afford-
able solar energy solutions from the leading providers of Mobile Telecommunication 
Network (MTN), Solar (Yellow Box) and Novel Ltd., it is safe to assume that clean 
energy is relatively available for access by Nigerians.

Although it was identified that the long-term cost implications of the use of clean 
energy are beneficial. Based on his experience, Participant 5 reported that, “…true- 
green energy is expensive to set up…” The context of “true-green energy,” as 
reported by the interviewee, was based on experiences of installation over the years 
from less technically capable companies, and sometimes that clean energy facility 
becomes faulty before the expected warranty period. Participant 7 stated that the 
installation is not subsidized, so most households and individual bears the full cost 
of supplementary gadgets such as batteries, Solar panels and cables and in most 
instances, installation technicians’ end up buying sub-standard materials which 
make the clean energy installed not sustainable.

Table 12.2 Understanding of what clean energy entails

Participant Response to what clean energy means

Participant 1 “…Energy from renewable sources like Solar, Wind, and Hydro…”
Participant 2 “…The energy that is carbon neutral…”
Participant 3 “…Usage of energy with very low or no carbon pollution to the 

environment…”
Participant 4 “…Clean energy refers to an earth-friendly way of producing energy. This 

includes biofuel, solar…”
Participant 5 “…clean energy refers to renewable energy, such as wind and solar…”
Participant 6 “…The energy with very low or no carbon pollution to the environment…”
Participant 7 “Clean energy has to do with the kind of energy generated from natural 

sources, vis-à-vis wind, and sunlight. Moreover, little to no waste is 
generated…”

Participant 8 “…Clean energy is a way towards achieving a sustainable, healthy, 
friendly, and liveable city…”

Participant 9 “…The energy that is devoid of pollution or at low level / environmentally 
friendly…”

Participant 10 “…clean energy is the energy supplied without any detrimental effects on 
the people and the environment at large…”

Participant 11 “…The clean energy produced through means that do not pollute the 
atmosphere, e.g., sun, water…”

Participant 12 “…Clean energy is energy generated without polluting/causing harm to the 
environment. It can also be said to be an energy void of carbon emissions. 
Examples of clean energy include solar energy and wind energy…”

Participant 13 “...Energy from the sun and others...”

Source: Authors’ Analysis (2019)
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Participant 11 and 12 states that why there is an increase in the exposure of 
Nigerian society to clean energy usage; only a few have easy access to it. Participant 
10 said that clean energy access to the Nigerian masses is miserable. She observed 
that “…99.9% of the energy used in the country is detrimental to our environment 
because there is emission of carbon monoxide. Be it cooking with gas, cooking with 
stoves, automobile emissions, and even our crude oil extraction points generate 
much carbon monoxide, which is detrimental to the environment…”.

Bringing to fore the place of energy diversification amongst Nigerians, an inter-
viewee observed that while the reliance on solar energy has increased over the past 
3 years, solar energy is still not a product for the common man, as fuel and diesel 
generators locally tagged “…I pass my neighbor…”, with all their carbon emissions 
and noise are still primarily used as alternatives to sporadic power from the national 
grid. Questioning the sustainability of some of these alternative sources, such as 
generators, Oyedepo et  al. (2019)  was of the view that increasing demand for 
energy; inadequate generation capacity from conventional sources; and dilapidated 
and limited electricity extension/distribution infrastructure mainly to rural areas are 
limitations to clean energy use in Nigeria. The study states that the promotion of 
renewable energy remains the route to promoting industrialization and sustaining 
the nation’s economy.

6.2  Potential Clean Energy Sources

Despite the massive potential of renewable energy resources that Nigeria is endowed 
with, energy issues still abound in the country. Authors (Nnaji et al. 2010; Bamisile 
et al. 2017) believe that harnessing the full potential of renewable energy would go 
a long way to reducing the current energy “poverty” experienced in the country. 
Nigeria’s renewable energy resources can be classified into four main types, namely 
are solar energy, hydropower, wind energy, and biomass/biogas. While the potential 
towards the optimization of these energy sources is undoubted, the capacity of the 
energy generated from these resources and sources differs in time. Table 12.3 shows 
the renewable energy generated in the country between the years 2008 and 2017. 
Table 12.3 reveals that between 2008 and 2017, a total of 20,271 Mw of energy was 
generated from renewable energy sources in Nigeria. The renewable energy gener-
ated was classified into off-grid and on-grid; total capacity of 131.24 Mw was gen-
erated off-grid while 20,140 Mw was generated on-grid.

6.3  Hydropower

The only renewal energy used for commercial power generation in Nigeria is hydro-
power (Bamisile et  al. 2017). The hydropower state in Nigeria is classified into 
small and large hydropower stations. According to the Renewable Electricity Action 
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Plan (2006), hydropower stations that generate less than 30 Mw are considered to 
be small, while hydropower stations that generate above 30 Mw are regarded as 
large hydropower stations. Nigeria has six major small hydropower stations with an 
aggregated capacity of 30 Mw and three major large hydropower stations with an 
aggregated capacity of 1930 Mw (Table 12.4).

The six major small hydropower stations were all constructed by the National 
Electricity Supply Cooperation Limited (NESCO), a private company (Osunmuyiwa 
and Kalfagianmi 2017), while the Federal Government of Nigeria constructed the 
three major large hydropower stations. Aderoju et al. (2017) opined that the small 
hydropower stations are more eco-friendly than the large hydropower stations 
because they do not require severe deforestation, rehabilitation, and submergence.

In harnessing the vast potential of hydropower in Nigeria (Fig. 12.4), five additional 
large hydropower stations are under construction in the country. These include the 
Zungeru Hydropower plant (700  Mw), Mambilla Hydropower plant (3050  Mw), 
Kashimbilla Hydropower plant (40 Mw), Dadin Kowa Hydropower plant (40 Mw) 
and the Gurara Hydropower plant (30  Mw). Of all the large Hydropower stations 
under construction, the Mambilla Hydropower plant would be Nigeria’s biggest power 
plant. This study revealed that construction work is yet to commence at the proposed 
site of the Mambilla hydro-power plant since the project was approved in 2017. 
Adetayo (2017) envisaged that the Mambilla Hydropower plant, when completed, will 
reduce the reliance on fossil fuel and cut the issues of climate change in Nigeria.

6.4  Solar Power

Solar energy can be described as energy generated from the sun in the form of elec-
tric or thermal energy (Energysage 2019). Solar energy can be captured either 
through the use of a photovoltaic solar panel or solar thermal conversion (Aderoju 
et al. 2017). Studies have shown that Nigeria is situated within a high sunshine belt 

Table 12.3 Renewable energy generated in Nigeria between 2008 and 2017

Year
Renewable energy sources

Total
Total off-grid generation

Hydropower Solar Wind Biomass/biogas Renewable energy

2008 1941 na 2 na 1943 2.200
2009 1941 na 2 na 1943 2.400
2010 1941 na 2 na 1943 2.400
2011 1941 na 2 na 1943 2.400
2012 2042 15 2 na 2060 18.540
2013 2042 15 2 na 2060 18.740
2014 2042 16 3 na 2061 19.940
2015 2042 17 3 na 2062 21.340
2016 2042 18 3 na 2063 21.540
2017 2042 19 3 na 2064 21.740
Total (MW) 20,016 100 24 na 20,140 131.24

Source: International Renewable Energy Agency (2018)
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Table 12.4 Small and large hydropower stations in Nigeria

No. Hydro power station State Installed capacity (MW)

Small hydropower station
1 Bagel I Plateau 1

Bagel II Plateau 2
2 Ouree Plateau 2
3 Kurra Plateau 8
4 Lere I Plateau 4

Lere II Plateau 4
5 Bakalori Sokoto 3
6 Tiga Kano 6
Total 30
Large hydropower station
1 Kainji Niger 760
2 Shiroro Niger 600
3 Jebba Niger 570
Total 1930

Source: Renewable Electricity Action Plan (REAP) (2006)

Fig. 12.4 Hydropower Sites and Potentials in Nigeria. (Source: Authors’ Mapping 2019)
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and the solar radiation is equitably distributed across the States of the federation 
(Oyedepo 2014; Adebayo 2014; Bamisile et  al. 2017). According to Oyedepo 
(2014), annual average solar radiation ranges from 12.6 MJ/m2-day (3.5 kWh/m2- 
day) at the coast to about 25.2 MJ/m2-day (7.0 kWh/m2-day) in the far north. This 
implies that Nigeria’s solar potentials, if adequately harnessed has the possibility of 
generating 1850 × 103GWh of solar electricity per year, which is a hundred times 
the current electricity grid consumption in Nigeria (Uzoma et  al. 2011  in 
Adebayo 2014).

Amidst the vast potential of solar radiation that abounds in Nigeria, only 12 
States out of the 36 states in the country have been able to generate electricity from 
Solar energy. These states include; Delta, Sokoto, Lagos, Bauchi, Edo, Enugu, 
Nasarawa, Benue, Jigawa, Bayelsa, Katsina, and Ogun (see Table 12.5). Of all these 
States, Osunmuyiwa and Kalfagianni (2017) referred to Delta, Sokoto, and the 
Lagos States as the pioneer states because of their comprehensive policy on renew-
able energy. The laggard states were referred to as states with no visible form of 
renewable energy adoption or programs (Osunmuyiwa and Kalfagianni 2017).

6.5  Wind Energy

Nigeria falls within the moderate wind regime with an energy reserve at 10  m 
height, which implies that some regions in the country have a wind regime between 
1.0 and 5.1 m/s. The wind regimes in Nigeria can be classified into four, namely 
44.0 m/s; 3.1–4.0 m/s; 2.1–3.0 m/s; and 1.0–2.0 m/s (Oyedepo 2014). Wind data 
collated by Nigerian Metrological Agency (NIMET) from 44 stations across the 
Nigeria States (See Fig. 12.5) revealed that the wind regime in the country lies 
majorly between poor to moderate regime with the Southern States having their 

Table 12.5 Solar energy generated in Nigerian states

S/no States Solar energy (KW) Ranking

1 Delta 8000 Pioneer
2 Sokoto 2045 Pioneer
3 Lagos 1814 Pioneer
4 Bauchi 600 Semi laggards
5 Enugu 64 Semi laggards
6 Nasarawa 30 In case laggards
7 Ogun 5 In case laggards
8 Jigawa 10 In case laggards
9 Kastina 10 In case laggards
10 Benue 10 In case laggards
11 Edo 36 In case laggards
12 Bayelsa 10 In case laggards

Source: Osunmuyiwa and Kalfagianni (2017)
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mean wind profile at 10 m height between 3.0 and 3.5 m/s and the Northern States 
having a mean wind speeds of between 4.0 and 7.5  m/s (Okoro et  al. 2007  in 
Adejoru et  al. 2017). Oyedepo (2014) also asserted that the coastal areas from 
Lagos State through Ondo, Delta, Rivers, and Bayelsa States to Akwa-Ibom State 
have strong potential for wind energy throughout the year. Although the coastal and 
Northern areas of Nigeria are perceived to have great potentials of wind energy. 
Despite this, little effort has been made by these States to harness the potentials of 
wind energy. In a study carried out by Osunmuyiwa and Kalfagianni (2017), only 
Enugu State was able to generate 26 kw in 2010, amongst the States with high 
wind speeds.

6.6  Biomass/Biogas

Actively or passively,  Biomass is the largest renewable energy source used in 
Nigeria (Bamisile et al. 2017). The biomass resources identified in Nigeria include 
wood, forage grasses and shrubs, animal waste, agricultural and forest residue, 
municipal and industrial activities as well as aquatic biomass. Biogases are fuel 

Fig. 12.5 Isovents (M/s) Across Nigeria. (Source: NIMET 2009)
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gotten from plant biomass which is often fermented by anaerobic bacteria to pro-
duce a very versatile and cheap fuel (Nnaji et al. 2010). To improve biomass utiliza-
tion in Nigeria, the government has encouraged the use of biomass in the 
transportation sector, which prompted the 2007 bio-ethanol policy that calls for a 
10% inclusion of ethanol into petroleum products in the country (Oyedepo 2014). 
It is estimated that around 61 million tonnes/year of animal waste can be obtained 
and which translates into about 83 million tonnes/year of crop residue (Oyedepo 
2014). The vast potential of biomass/biogas in Nigeria does not have a significant 
effect on power generation. It was revealed that of the 36 States of the federation, 
only Lagos, Oyo, Sokoto, Niger, and Enugu had explored the biomass potentials 
(Osunmuyiwa and Kalfagianni 2017). The study further revealed that 17.9  Kw, 
10  Kws, 35  Kws, and 63  Kws of electricity were generated in Lagos, Enugu, 
Sokoto, and Niger States, respectively. Oyo state was the only State to have gener-
ated 500 Kw within the period under study (2010–2014).

6.7  Household Electrification Rate in the Six Geo-Political 
Zones of Nigeria

The household electrification rate in the six geopolitical zones of Nigeria is 
explained in Table 12.6. The table revealed that 55.6% of the total households in 
Nigeria have access to electricity, while 44.2% do not have access to electricity. 
This implies that there is tremendous energy poverty in Nigeria. This is evident in 
the sporadic power supply experienced in the Country. Oyedepo (2014) also 
affirmed this claim. According to Oyedepo (2014), household access to electricity 
services in Nigeria is low, and about 60% of the population (over 80 million people) 
are not served with electricity. Table 12.6 explains the household electrification rate 
across the six geo-political zones of the federation.

Table 12.6 Household electrification rate in the geo-political zones of Nigeria

Zones Have electricity (%) No electricity (%) Missing Household surveyed

North Central 48.7 51.2 0.1 5942
North East 29.3 70.1 0.3 5115
North West 42.2 57.7 0.1 9992
South East 66.4 33.6 0.0 4687
South South 68.3 31.3 0.4 5239
South West 81.1 18.8 0.1 7546
Total 55.6 44.2 0.2 38,522

Source: NBC (2014) in GIZ (2015)
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7  Limitations to Clean Energy Access and Utilization 
in Nigeria

There exists a dichotomy in rural and urban access to clean energy. Based on tran-
scribed data, evidence shows that access to information and finance between urban 
and rural areas has been identified to be the reason for this scenario. Participant 16 
revealed that one limitation to Nigerians accessing clean energy is poor access to 
information, lack of awareness, and poverty, which has limited the capacity of the 
people to access this energy source. He argued that where there might be an abun-
dance of renewable sources to be used, the limited capacity of households (most 
notably in rural areas) limits their access. This was also mentioned in the SWOT 
analysis of clean energy systems by Dincer and Acar (2015). In their analysis, pub-
lic perception, lack of information and training, and infrastructure changes were 
identified as weaknesses while market enhancement, climate change effects, and 
energy security are the opportunities mentioned. Financial investments, complexity, 
over-burdened regulatory guidelines, and the low price of conventional energy sys-
tems were seen as threats.

In this vein, an interviewee stated that the limited capacity is a reflection of weak 
government policies and energy process corruption. An interviewee reported that 
energy corruption is mainly a reflection of the lack of political will, which is often 
regime based rather than a system of government that is incremental and continual 
in policy and funding processes. The role of the government as an advocator and 
major marketer of clean energy was reiterated by Participant 20. She responded that 
with the government not encouraging the use of clean energy amongst households 
through sensitization and subsidies, the use would continually remain limited 
amongst the households. In Nigeria, Corfee-Morlot et al. (2019) and the Nigeria 
Gas Policy (2017) reported that a quick approach to the implementation of the LPG 
Availability Intervention Fund of about $160 million and, a reduction in the capital 
cost of using the LPG stove, gas, and cylinder for household cooking must be 
enhanced to bring about an easy route for clean energy use.

Further interviews with Participant 5, found that Nigerian society is stuck in non- 
renewable energy source/use. The majority of rural dwellers still rely on firewood 
for cooking, while the majority of urban dwellers rely on fossil fuels. She further 
stated that while there is an abundance of energy from renewable sources, a lack of 
awareness regarding the affordability of clean energy especially amongst the rural 
population along with poverty levels depriving them access to credit and ultimately 
the weak perception of the benefit of the energy source continues to erode the citi-
zens and country in terms of maximizing its use. Participant 6 mentioned that dwell-
ers might be limited by inadequate funding; the cost of maintenance and weak 
purchasing power for prior implementation that urban dwellers like him might be 
limited by. In his words, “…for instance solar energy - without a solar panel, there 
is no way to access this energy. The question is, how many people can afford the 
solar panel. I use the inverter in my house, and I spent almost 2million (5,714 USD 
at 350/USD. How many people can afford it?…” This same issue was seen as a 
challenge to using renewable energy in Nigeria (Newsom 2012).
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Participant 9 mentioned that the limitation to rural people making use of clean 
energy might be based on their cultural beliefs. He used an example of the use of 
firewood in a modern kitchen without a chimney, as in the case of resettled fisher-
men in New Bussa, Niger State, Nigeria. Bisu et al. (2016) identified that religious 
beliefs are a significant determinant of the use of fuelwood in the rural areas of 
Bauchi, Northern Nigeria. The study shows that large Muslim households and cul-
tural alignment during festive periods are the factors that account for increased fuel-
wood use and the preference for conventional energy usage by these households. In 
their study, household size, dwelling ownership status, change of season, income, 
level of education, dwelling location, availability, and affordability are factors found 
to influence household cooking energy choice. It was further narrated that instances 
where cultural attachments are not the limiting factor; rural spatial alienation limits 
exposure to clean energy. This was evident in the views of Participant 11, 18 and 20 
who were of the views that clean energy is needed in urban areas than rural areas as 
demand for electricity and energy is more in the urban space owing to the concen-
tration of industries in these areas and the location of administrative offices where 
policies are introduced.

In summary, one of the interviewees (a private consultant) states that the main 
factors that limit the use of clean energy in Nigeria are the high cost of installation 
and maintenance; poor investment in the energy sector; weak and limited involve-
ment of the private sector; and subsidies granted to generators of energy from fos-
sils. These factors have shaped his perception that access to clean energy is more in 
urban than in rural areas. Explaining further, he observed that urban areas are asso-
ciated with better education, higher standards of living, and individuals who could 
facilitate the installation and maintenance of these forms of energy without the 
 government’s assistance or subsidy. However, for these forms of energy to be acces-
sible in the rural areas, it would involve significant investments from the govern-
ment. Which  is presently limited and slow. Brew-Hammond (2010) also pointed 
this out. He argued that for Africa to muddle through the energy crisis, there is a 
need for increased involvement of local actors (entrepreneurs, companies, capacity 
developing institutions) in energy production, generation and consumption markets. 
He also advocated for improved utilization of a wide range of modern technologies 
and resources available within the space.

8  Conclusion and Way Forward

Electricity generation in Africa still leaves Sub-Saharan Africa with the lowest gen-
eration capacity. This is evident in the electricity condition of Nigeria. The general 
perception of the people shows that many households remain under-served when 
energy access is taken into consideration. While the country’s energy condition is 
considered to be below average, the study identified that Nigeria’s energy situation 
remains sporadic, and variance exists in the access of states in the country to elec-
tricity infrastructure. This variance in electricity access amongst states can be traced 
to available energy resources and the location (urban, the capital city, historical 
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administrative capacity, and proximity to energy generation sites). Concerning loca-
tion, the Northern region of the country remains largely under serviced by the elec-
tricity infrastructure.

Expressing the views of the research evidence on the state of access to clean 
energy remains restricted to neighbourhood and circulation lighting systems and 
water infrastructure (mainly SDG water projects in rural communities and health 
centers). The pointers, as identified in the study, show a need for increased invest-
ments in the sensitization of access to clean energy in the country. The relevance of 
energy governance to explore the decentralization of Nigerian settlements away 
from the national grid towards the maximization of the location of specific clean 
energy resources needs to be explored and implemented.

It is argued that with the maximization of “place-specific clean energy resources,” 
the drive at eliminating the urban-urban or South-Western and Northern energy 
dichotomy can be achieved. Based on the interview results, it is identified that 
achieving this will depend on the introduction of energy policies that reduce clean 
energy costs of purchase, maintenance and also improve on public sensitization to 
the opportunities available for households, settlements and sectoral activities in the 
use of clean energy at a subsidized local level in their various households or small- 
scale businesses. This assertion of better electricity access if a clean energy source 
was invested upon is shown in Fig. 12.6.

Fig. 12.6 Projected access to electricity in Nigerian States by 2020 (in %). (Source: Authors’ 
Mapping 2019. Adopted from The Nigeria Bureau of Statistics, 2015)
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Chapter 13
The Nexus of Climate Change 
and Increasing Demand for Energy: 
A Policy Deliberation from the Canadian 
Context

Hirushie Karunathilake, Kh Md Nahiduzzaman, Tharindu Prabatha, 
Kasun Hewage, Rehan Sadiq, Shahria Alam, and Pamela Shaw

Abstract Canadian energy demand has been increasing due to population, indus-
trial, and economic growth, and the effects of climate change have gained more 
visibility. Energy use is a major contributor for anthropogenic climate change. 
Therefore, global scale energy management strategies are paramount in climate 
change mitigation. However, the complicated ‘marriage’ between the climate 
change, energy demand and consumption, and the policy instruments are not suffi-
ciently investigated. Therefore, this paper attempts to study the effect of policy 
instruments on energy demand and to  identify other causes behind the demand 
trends. A comprehensive review of governmental policies assesses the consistency 
and effectiveness of existing policy instruments. Communication models for par-
ticipatory involvement of stakeholders in mitigation initiatives as well as the finan-
cial benefits and offsets are critically evaluated. The findings indicate that often, the 
views of some stakeholder groups, including the individual households and citizens, 
are not successfully reflected in policies. There is an apparent gap between the regu-
latory instruments and policies of the territorial, provincial, and local governments. 
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Most stakeholders possess limited knowledge due to missing or partial information 
about energy demand and the outcomes of various policies. This paper aims to 
 trigger  a scholarly discussion focusing on the dynamics of energy demand and 
reguatory instruments and policies for climate change mitigation.

Keywords Energy use trends · Energy demand · Climate action · Energy policy · 
Emissions mitigation instruments · Carbon pricing · Stakeholder involvement

Glossary

BC British Columbia
GDP Gross domestic product
GHG Greenhouse gas
IEA International Energy Agency
MJ Megajoule
OCP Official community plan
PIG Price increment gradient
PJ Petajoules
RE Renewable energy

1 Climate Change and Energy Use – A Global Issue

In March 2019, the International Energy Agency (IEA) reported that the global 
energy demand increased by 2.3% in the year 2018, a rate nearly twice the average 
growth rate since 2010, thus reaching the fastest pace of growth in the current 
decade (International Energy Agency 2019a, b). It has been predicted that by 2040, 
the global energy demand will increase by 28% over the 2017 levels, mainly due to 
the growth in global population and the emerging economies in India, China, and 
Africa (U.S.  Energy Information Administration 2017). With the rising need for 
energy, other issues have come to play, creating a complicated economic, social, and 
political dynamic all over the world.

Around 80% of the world’s primary energy demand is supplied via conventional 
fossil fuel resources, mainly coal, petroleum, and natural gas (Höök and Tang 2013). 
The large-scale demand for energy initiated with the beginning and spread of indus-
trialisation. With the rise of rail travel, mass manufacturing of goods, motorisation, 
and access to modern energy supplies for large segments of population, the energy 
use grew exponentially at global level (Vanek and Albright 2008). During the cen-
tury from 1850 to 1950, the per capita energy intensity doubled, and in the twentieth 
century, both energy production and consumption experienced rapid growth with 
the post-World War II economic boom and the population growth in the latter part 
of the century (Vanek and Albright 2008).

H. Karunathilake et al.



265

As economies grow, so does the associated energy consumption with the boost to 
people’s life style and industrial activity. It has been indicated in several studies that 
in general, the per capita gross domestic product (GDP) of a country has a positive 
correlation with the per capita energy consumption (Vanek and Albright 2008; 
Brown et al. 2011). It is argued that that not only does energy use increase with 
increasing GDP and a growing economic, but access to readily available and low 
cost energy is actually a major contributor to economic growth (Ayres et al. 2013; 
Sorrell 2015). However, an interesting phenomenon has been observed in the more 
recent times regarding energy use and economic growth. While overall primary 
energy consumption has grown, the global energy intensities have declined, with the 
steady rise in energy productivity (Sorrell 2015). It is estimated that the annual 
decline in global energy intensity was 1.3% between 1990 and 2000, which is gen-
erally attributed to an awareness about the global energy crisis and the interest in 
efficient energy use. On the other hand, this declining trend has started to change 
with the advent of the emerging economies, particularly China and India into major 
roles in the global energy markets (Sorrell 2015).

As the key global economic players compete for the finite energy resources, com-
munities across the world are facing challenges due to high costs of energy, decline in 
energy resources, energy poverty, lack of supply reliability and availability, as well as 
climate change and other detrimental environmental impacts of energy use (Hernández 
and Bird 2010; Höök and Tang 2013; Green et al. 2016). It is predicted that the produc-
tion of world’s oil and gas fields decline approximately 4–6% annually (Höök et al. 
2009). More than 1.3 billion people in the world do not have access to electricity, and 
many more cannot afford the energy prices even in developed countries (Worldwatch 
Institute 2019). The communities without access to their own fossil fuel supplies are 
affected by the lack of energy security, which is defined “as the uninterrupted availabil-
ity of energy sources at an affordable price” by the International Energy Agency (IEA) 
(International Energy Agency 2018). Being at the mercy of the global energy market 
forces outside of their control also creates energy dependence for communities. In the 
environmental front, around 70% of the world’s anthropogenic greenhouse gas (GHG) 
emissions are caused by the use of fossil fuels (International Energy Agency 2015). 
GHG emissions are a main contributor to climate change, resulting in problems, includ-
ing global warming, melting ice caps and sea level increase, and changes in weather 
patterns (United States Environmental Protection Agency 2016; Environment and 
Climate Change Canada 2015). In addition to GHG emissions and the associated cli-
mate change concerns, energy use has been linked to other negative environmental 
impacts such as damage to eco-systems and habitat alteration, in addition to human 
health risks (Karunathilake et al. 2019). With all of the above concerns, governments 
and other decision makers have turned towards the development of sustainable energy 
and emissions management policies. At the United Nations climate change conference 
goals in Paris (COP21) held in 2015, it was agreed upon to “avoid dangerous climate 
change” by capping the global average temperature well below 2 °C of pre-industrial 
levels, and to further attempt to limit the increase to 1.5 °C (European Commission 2016).

Managing energy more efficiently, effectively, and sustainably has now become 
a priority to address all of the above concerns. However, this is not such a simple 
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aspiration to attain in reality, due to the complex nature of energy supply, demand, 
and the interlinked socio-economic and political phenomena associated with them 
(deLlano-Paz et al. 2017; Burke and Stephens 2018; National Energy Board 2016). 
At the heart of this issue is the need for a cheap, reliable, and accessible supply of 
energy, to support communities’ livelihood and economic development (Sorrell 
2015). This goal is assumed to be in constant conflict with the drive towards cleaner 
energy alternatives and reduced consumption to mitigate the environmental con-
cerns surrounding energy use. The concept of energy planning, both supply and 
demand sides, has gained attention in the past few decades due to these very rea-
sons. The latest shift towards energy efficient technologies, passive constructions, 
energy conservation, renewable energy (RE), and energy sharing are all attempts at 
solving the multitude of issues associated with energy use. Policymakers and 
researchers in all quarters of the world are engaged in the attempt to identify the best 
energy solutions and strategies. These policies and initiatives range from simple 
rebates and incentive schemes for energy efficient and clean energy technologies, to 
high-level policies that aim to deliver energy equity and energy security to commu-
nities, develop novel economic models, and reshape the landscape of community 
and regional development. To do this effectively, further studies are necessary to 
understand all the dynamics associated with energy use and related policy impacts.

The overall goal of this chapter is to study nature of energy supply and demand, 
especially in the Canadian context, and to discuss about the policy requirements for 
tackling the economic and environmental issues associated with rising energy 
demand. The dynamics of energy demand and supply, climate change related issues, 
and the mitigation policies aimed at curbing the undesirable effects of energy use 
are investigated in the course of this chapter. The current policies for energy man-
agement and promotion of clean technologies will be analysed in details, with a 
discussion on the existing gaps and potential solutions. The knowledge compiled 
here is expected to benefit policymakers in Canada and in other parts of the world 
in developing the much-needed policy prescriptions to tackle energy issues, leading 
to solutions that are simultaneously economically viable, environmentally respon-
sible, and socially acceptable.

2 Energy Demand and Supply – A Canadian Perspective

Canada is a key player in the global energy market, and is the sixth largest energy 
producer in the world accounting for 3% of the global energy supply (Natural 
Resources Canada 2019c). Canada’s main energy products are Uranium, natural 
gas, and crude oil. However, hydropower is also a major energy source in the coun-
try. The oil and gas sector provides 0.3% of the Canadian jobs, and energy sector as 
a whole accounts for 4.4–4.9% of the total employment in the country (Natural 
Resources Canada 2019a; Natural Resources Canada 2018a). It is a relatively high 
energy intensive country, ranking 39th out of 237 countries in the world with 
7.3  MJ/$2011 purchasing power parity GDP (National Energy Board 2018). 
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However, Canadian energy intensity has shown a declining trend with increasing 
GDP in the past decades, although the overall primary energy consumption has 
increased (The Conference Board of Canada 2019). Several factors are assumed to 
be contributing to the above observations, which will be discussed in detail within 
this section.

2.1 Energy Landscape in Canada

Canada’s energy supply and consumption scenarios have evolved considerably over 
the last century. Today, in comparison with other international peers in the same 
range of economic and social development, Canada ranks as a high energy con-
sumer (The Conference Board of Canada 2019). Currently, Canada is in an attempt 
to shift towards a lower carbon future within the next few decades. This has resulted 
in an ongoing diversification of the Canadian energy mix, with the addition of 
renewable energy. At present, the energy demand growth is slowing down along 
with the reducing carbon intensity of the energy supplies (National Energy Board 
2018). Even though Canada is country with natural energy resources, these supplies 
are concentrated in some regions, and the other regions, especially the territories in 
the North, have to rely on external supply sources for their needs. The variations in 
Canadian energy across time and space use can be attributed to several factors, 
including weather conditions and climate change, changes in lifestyle, as well as the 
emergence of new industries and technologies. In order to explore the energy policy 
needs of Canada, it is necessary to gain an understanding of the energy supply and 
demand dynamics of the country and the current challenges faced in managing 
the above.

Canada currently has the highest per capita energy supply among the member 
countries in the IEA (International Energy Agency 2020). Its primary energy pro-
duction mix is currently made up of Uranium (32%), crude oil (31%), natural gas 
(24%), coal (5%), hydro (5%), other renewable energy (3%), and natural gas liquids 
(2%) (Natural Resources Canada 2018b). Secondary energy use accounts for 
approximately 70% of the primary energy use (Natural Resources Canada 2016a). 
At present, Alberta and Saskatchewan are the biggest energy producers among the 
Canadian provinces. However, Saskatchewan’s energy trade is mostly based on 
Uranium, and when that source is excluded, British Columbia (BC) is the next big-
gest energy producer after Alberta. Both these provinces have a large industry in oil, 
gas, and coal extraction and trade. In 2017, 22% of the total Canadian goods exports 
was made up of energy products, and energy’s nominal GDP contribution to econ-
omy was 10.6% (Natural Resources Canada 2018b). While renewables have been 
growing rapidly in the Canadian energy supply mix, with a RE capacity growth 
amounting to 8.3% by 2016 and a supply share of ~30%, fossil fuels still control the 
Canadian energy outlook by far (National Energy Board 2017; Hughes 2018). With 
the above scenario, Canada has a socio-political partiality towards the fossil fuel 
industry. The abundant availability of secure and reliable energy supplies coupled 
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with high standards of living has contributed to the generally elevated energy con-
sumption of the country (Hughes 2018). At 9.1 tonnes of oil equivalent (toe) 
per annum, the per capita energy consumption of Canada is five times the average 
global per capita consumption (Hughes 2018).

However, the above vision of Canadian energy use is an overly simplified gener-
alisation, and there are various energy use patterns to be observed across various 
geographic regions, communities, and economic sectors in Canada, which are cou-
pled with geological, economic, political, and social factors. Energy efficiency and 
emissions reduction policy prescriptions cannot be adequately tackled without 
looking through the lens of the above factors and trends.

2.1.1 Canada’s Energy Use Patterns

The Canadian energy consumption increased by nearly three times (183%) during 
the 50-year period from 1965 to 2015. During the most recent times, energy con-
sumption has been increasing at a relatively slow rate compared to the rest of the 
world, and during 2010–2015 energy consumption has increased at 0.13% 
per annum (Hughes 2018). However, the fossil fuel consumption has declined in 
comparison, with the advent of renewables (Hughes 2018). With a growth rate of 
1.4%, the mounting population also creates a higher demand for energy, with new 
communities being developed across the country (Statistics Canada 2018). It is fur-
ther predicted that Canada’s energy demand will annually grow at 0.7%, ultimately 
reaching 13,868 PJ by 2040 (Robins 2017).

Figure 13.1 depicts the energy use of the main demand sectors in Canada during the 
25-year period from 1990 to 2015 (Natural Resources Canada 2019d). The industrial 
and transportation sectors show the greatest growth in terms of total energy use, with a 
combined increase of nearly 1500 Petajoules (PJ) during this period. However, when 
the sector consumption growth is considered, the agricultural sector shows the greatest 
growth at 48.72%. This is followed by the transportation sector with a growth of 
40.39%. The industrial and commercial/institutional sectors have growths of 26.98% 
and 35.12% respectively, and the residential sector shows the least growth at 8.88%. 
The growth in total energy demand during this period was approximately 28.4%. It can 
be seen that the Canadian energy consumption is heavily dominated by the industrial 
and transportation sectors, while the agricultural energy consumption is quite low. This 
is a common trend in many countries, where the agricultural energy intensity reduces 
or stays roughly the same while industrial activities grows along with the industrial/
transportation energy demand.

In 2016, Canada’s total energy use was 8786.4 PJ, split across the above end use 
sectors, with the sectorial and sub-sectorial energy use mix illustrated in Fig. 13.2 
(Natural Resources Canada 2019d). The industrial and transportation sectors domi-
nate the energy demand at nearly 70% of the country’s total consumption. However, 
the residential and commercial/institutional sectors, which mainly require energy 
for maintaining building occupancy and essential services, together contribute to 
38% of the total energy use.
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Fig. 13.1 Energy use variation in main end use sectors across the years

Fig. 13.2 Sector contributions to overall energy use in Canada
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In the industrial sector, mining, pulp and paper, and manufacturing sub-sectors 
account for the majority of the energy use. In short, as a country with a high level of 
industrial production and exports, Canada spends much of its primary energy sup-
ply on raw material extraction and production of goods. The energy supply for this 
sector is mainly from natural gas. Fossil fuel use is expected to continue growing in 
this sector, due to the nature of the applications and rapidly increasing demand 
(Canadian Association of Petroleum Producers 2018). Industrial energy demand of 
a country moves hand-in-hand with the state of the economy, and as GDP grows the 
energy intensity of the industrial sector will continue to increase correspondingly. 
Canada’s economy has undergone a structural transformation in the last few decades, 
moving gradually from a resource and manufacturing based economy, to a more 
services and knowledge intensive side (National Energy Board 2010). The Canadian 
IT industry is also growing, and as this sector starts to boom, it will also require a 
significant energy use to maintain facilities and provide services. Interestingly, 
while the overall industrial energy consumption is growing, when the demand 
growth is compared to the industrial output growth, the energy intensity is actually 
declining, albeit at a slow rate at 0.8% per annum. This is assumed to be due to 
economic and structural changes, energy efficiency, and variations in activity levels 
(National Energy Board 2010). Moreover, e-commerce, cannabis, and storage and 
warehouse leasing sectors are poised to grow in the Canadian industrial sectors, and 
some of these applications have their own inherent and unique energy needs. The 
energy needs of the emerging economic sectors is an area that needs much critical 
attention in the next decade, to match the changing global economic landscape.

As can be noted in Fig.  13.2, space and water heating is responsible for the 
majority of the energy consumed in residential and commercial/institutional sec-
tors. This phenomenon is due to the general climatic conditions in Canada, where 
the Northern geographic location results in seasonal variations, with relatively low 
temperatures for a significant portion of the year.

In the transportation sector, 41% of the energy use is due to the use of private 
transportation, through cars, light trucks, and motor cycles. Heavy reliance on 
motorised private transportation modes can be noted across Canada, and this trend 
is growing. Between 2000 to 2009 alone, the light vehicles in Canadian transporta-
tion fleet grew by 18.7%, and this number continues to increase (Natural Resources 
Canada 2011). Thus, as depicted in Fig. 13.1, the transportation sector energy con-
sumption continues to grow along with the emissions, especially as this sector is 
overwhelmingly operated through fossil fuel supplies. However, there are indica-
tions that the growth is passenger vehicle sales are now starting to plateau after the 
boom in the previous decades, with market saturation (Lewis 2017). Even so, the 
historically low interest rates, satisfactory job creation, relatively low gas prices, 
and better economic conditions in general have ensured that the interest in personal 
vehicles, particularly luxury and high-end vehicles, has not experienced a down-
ward trend in the Canadian market (Lewis 2017).

Energy use also shows regional variations within Canada, due to factors, such 
as varying climate conditions between the provinces, different levels of industrial 
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activity and economic development, and inherent transportation and lifestyle pat-
terns among the populace. In building applications, such as residences and com-
mercial buildings, this variation is notable across different climate zones due to 
variations in heating loads, as depicted in Fig. 13.3. Here, it can be seem that BC 
has a significantly lower per capita residential energy intensity, due to the temper-
ate climate conditions and milder winters. Interestingly, while the Northern terri-
tories are located in the coldest regions of Canada, the per capita energy intensity 
is much lower, possibly due to the relatively lower socioeconomic development in 
those regions, the higher costs of energy, as well as the lack of access to techno-
logical advancements. Most of the provinces with per capita higher energy inten-
sities such as Alberta, Saskatchewan, Nova Scotia, and New Brunswick all have 
high fossil fuel fractions in their energy capacity mix. It is definite that energy 
patterns are subject to a definite socioeconomic component as well as the effect of 
climate.

In order to investigate the possibility of reducing energy demand, it is necessary 
to look at the challenges faced by Canada with regards to energy use.

Fig. 13.3 Per capita residential energy use intensity across the provinces and territories
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2.1.2 Canada’s Energy Use Challenges

Figure 13.4 summarises the nature of energy use and efficiency based on the various 
factors contributing to demand, and the modes of demand reduction (Natural 
Resources Canada 2016a; Karunathilake et al. 2018). The effect of all of the six 
contributing factors to energy use denoted in the figure is interlinked. For example, 
even if the appliance technologies reach very high efficiency levels, if the service 
levels also increase with higher device use, the gain of efficiency increase will be offset 
by the increased device demand. Moreover, many of these factors represent conditions 
that cannot be changed to reduce energy use. The economic activity and service levels 
required by growing population due to improvements in quality of life cannot be cut 
back, simply due to a desire to reduce energy use by numbers. Energy efficiency acts as 
an impeding factor to the growing energy use, with various technological, behavioural, 
and regulatory means, resulting in active and passive interventions.

In Canada, the climate and weather conditions pose the greatest challenge to 
energy demand reduction targets. As a “Northern” country associated with extreme 
drops in temperature and high heating requirements, Canada is highly reliant on its 
energy supplies to counter the weather-related challenges and maintain acceptable 
living conditions. While the impact of climate conditions is direct and obvious 
building sector, both residential and commercial/institutional, what is less apparent 
is the effect of climate/weather on other energy end use sectors, such as 

Fig. 13.4 Factorisation of energy use and efficiency
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transportation. The fuel efficiency of Canadian vehicle fleet reduces in the colder 
winter months. Higher vehicle usage, increased heating needs due to extreme winter 
temperatures, and more users letting their vehicles idle in the “on” position in winter 
also lead to higher vehicle energy consumption in winter (Natural Resources Canada 
2007). In addition to the extreme temperatures, the vast landscape and the dispersed 
population also contribute to the high energy use (Natural Resources Canada 
2019b). The dispersed nature of Canadian communities correlates to higher trans-
portation requirements for both passengers and goods, leading to increased energy 
consumption.

While Canadian population growth remains on the lower end compared to most 
countries, the residential and commercial building stock has grown significantly in 
the recent times, especially in the urban centres. The building energy intensities 
vary by building type, building location, and application. This makes planning and 
policy making for building energy efficiency challenging, as there are no “one size 
fits all” solutions. A policy or regulation that is developed for the temperate climatic 
regions of the West Coast, where the above 80% of the electricity grid mix consists 
of hydro, does not necessarily fit the remote and frigid Arctic Canada, where exter-
nal fossil fuel supplies are the lifeline for communities.

The energy prices, both electricity and fuel, has shown an increasing trend in the 
past years (Green et  al. 2016). It has been identified that by 2013, 7.9% of the 
Canadian households were suffering from energy poverty,1 an increase from 7.2% 
in 2010. When gasoline expenses are also factored in this level of energy poverty 
increases further, with 19.4% of the households spending above 10% of their expen-
ditures on energy (Green et al. 2016). This compares with the Canadian average 
household energy expenditure of 5.3%.

Energy related emissions are a major challenge for Canada, and at present, over 
81% of the Canadian emissions are caused by energy (Natural Resources Canada 
2019b). In spite of the low-carbon energy supply mix with the significant contribu-
tions by hydro and nuclear sources, the oil and gas sector emissions increased by 
14% between 2005 to 2013 (International Energy Agency 2020). As previously dis-
cussed, many Canadian provinces rely on high emission energy sources for their 
supply, and this fact is not likely to change soon due to various factors.

The remote Northern communities of Canada suffer additional burdens com-
pared to the rest of the country in terms of supply reliability, energy security as well 
as energy prices. These communities are not connected to the North American elec-
tricity grid, resulting in a lack of guaranteed, reliable, and affordable energy (Natural 
Resources Canada 2019e). The unavailability energy supplies in these regions make 
it necessary for them to rely on high-emissions fossil fuels, mainly externally 
sourced diesel, for their energy needs (Arriaga et al. 2013). This also creates eco-
nomic problems in these regions, as the high energy costs of the diesel-generated 
power hinders the community growth. Thus, the remote communities lack many of 
the benefits and the quality of life taken for granted as basic necessities in other 

1 A benchmark of 10% or more of the household expenditure going towards the purchase of energy 
goods was used as the measure of energy poverty (Green et al. 2016).

13 The Nexus of Climate Change and Increasing Demand for Energy: A Policy…



274

parts of Canada (Natural Resources Canada 2019e). The phenomenon of disadvan-
taged communities lagging behind more and more with the fast-paced growth of the 
world’s economy and technology is becoming increasingly familiar in all regions of 
the globe. The governmental policies need to play an integral role in transitioning 
these communities towards a low-emission, secure, and affordable energy future.

One key challenge facing Canada as well as other parts of the world in energy 
demand reduction is climate change phenomenon itself. The increase in global tem-
peratures and other environmental variations will likely result in elevated energy 
demand. It has been suggested that possible impacts of this climate change-induced 
temperature increase can be higher cooling loads in the hotter seasons, as well as 
reduced power production efficiencies in existing fossil fuel and nuclear power 
plants. Increasing water scarcity can also contribute to elevated energy demand 
(United States Environmental Protection Agency (USEPA) 2016).

Energy use in Canada, similar to many other parts of the world, has undergone a 
certain level of reduction due to the energy efficiency initiatives in the recent times. 
Many initiatives are being adopted across Canada to reduce the energy intensity of the 
building sector as well as the municipal services, in addition to the industrial and trans-
portation sectors. The National Energy Board of Canada has forecast that the energy 
consumed per a square meter of residential floor space will decrease by 0.7% per annum 
between 2016 and 2040. This trend is attributed to efficient technologies, energy saving 
building envelope construction, and new energy efficiency standards for appliances and 
buildings (National Energy Board 2016). Between 1990 to 2013, the energy intensity 
per unit activity of GDP reduced by 25%, while per capita energy intensity increased 
around 1% during the same period. If the economy had not grown in GDP value by 
2013, it would have consumed much less energy than the 1990 levels (Natural 
Resources Canada 2016a). This indicates that the industrial energy efficiencies have 
also increased significantly in the past decades. Overall, energy efficiency has increased 
by 24% between 1990 and 2013, and reduced GHG emissions by 85.4 Mt. while deliv-
ering a cost saving of $37.6 billion (Natural Resources Canada 2016a). However, in 
2017 it was identified that Canada could reduce energy consumption by 15% by 2035 
if energy efficiency improvements were pursued more aggressively. In striving towards 
this end, effective strategies, regulations, and policy frameworks are critical.

3  Policy Development for Energy Efficiency, Energy 
Security, and Climate Change Mitigation

Policy development is a complex game, involving many stakeholders and priorities at 
different levels of decision making. While the end goal is ostensibly to reduce energy 
demand and emissions, the pathway towards this is not necessarily a straight line with 
simple choices. Many factors and players have to be balanced and satisficed in energy 
policy development. This necessitates a consideration of the triple bottom line factors, 
i.e. economy, environment, and society. In order to be most effective and equitable, 
policies need to take an inclusionary and multi-objective approach. To explore the 
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policy environment surrounding energy demand and emissions management, a review 
of the current regulations, policies, and goals can be helpful.
Canada is currently undergoing an energy transition, which is expected to continue 
until mid-century. The Pan-Canadian Framework on Clean Growth and Climate 
Change released by the Canadian government in 2016 (Pan-Canadian Framework) 
outlines Canada’s commitment to meeting the 2030 climate action target to achieve 
a 30% below 2005 levels of emissions, and the action plan to achieve this goal 
(National Energy Board 2018). The Government of Canada has now taken this a 
step further, by setting a highly ambitious goal to reduce 80% of the 2005 levels of 
GHG emissions by 2050 (Doluweera et al. 2017). To support this aim, the provin-
cial governments of Canada have set their own emissions reduction targets, and 
emissions reduction has been integrated to municipal government strategies and 
official community plans (OCP) across Canada. Meeting these targets in reality is 
far from easy, and most current projections deem these targets unachievable if the 
present conditions are not drastically changed (Ruparathna et al. 2017). Table 13.1 
lists the latest emissions targets (by 2018) of the Canadian provinces and territories. 
Such emission target setting is common across the world, to integrate climate 
change and environmental impact mitigation into official government visions and 
strategies.

It is interesting to note that while accounting for over one third of Canada’s 
GHG emissions (Boyd 2019), Alberta has one of the least ambitious emissions 
reduction target among the provinces. This indicates the sociopolitical play that 
impacts climate mitigation endeavours. Alberta accounts for 80% of Canada’s 
crude oil production as well as more than 50% of Canada’s natural gas (National 
Energy Board 2019; Government of Alberta 2019), and Albertan economy and 
job market are heavily reliant on the fossil fuel industry (Boyd 2019). Therefore, 
the province as a whole is reluctant to adopt clean energy initiatives, and there is 
a strong social resistance towards replacing fossil fuels with other alternatives. 
These sociopolitical factors need to be taken into account in attempting emis-
sions mitigation endeavours, to be effective and acceptable to all layers of the 
society. Interestingly, some Canadian provinces have already met their 2030 
emissions reduction targets with efficacious mechanisms and policies, indicating 
that climate action targets can have successful outcomes (Natural Resources 
Canada 2017). A thorough investigation of what was “done right” can help in 
replicating such successes and avoiding potential pitfalls in energy policy making.

3.1 Energy and Emissions Reduction Mechanisms

As previously depicted in Fig. 13.4, energy demand reduction efforts can be cat-
egorised into energy efficiency, energy saving, and energy conservation interven-
tions (Public Works and Government Services Canada 2001). Energy efficiency 
involves maximisation of useful energy output by reducing the waste, thus ensur-
ing that the same activity level and service levels may be maintained with a lower 
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energy use. Efficiency interventions can be categorised as technological and 
regulatory, both of which go hand in hand. Advancements in equipment manu-
facturing have ensured that the energy use in appliances is more efficient. The 
amount of energy estimated to be saved in Canada from all shipped appliances 
was over 66 PJ between1992 and 2011. With this, a customary set of main house-
hold appliances use below 2800 kWh per year, which approximates to a 50% 
reduction from the energy used in 1992) (Natural Resources Canada 2014). 
However, technological efficiency advancements are now reaching the saturation 
point, and further efficiency improvements beyond a certain level may not be 
economically viable due to prohibitive development costs. Regulatory 

Table 13.1 Emissions mitigation targets of Canadian provinces and territories

Region Province Emissions mitigation targets

Atlantic 
region

Newfoundland 
& Labrador

Reduce emissions by 10% below 1990 levels by 2020 and 
70–85% below 2001 levels by 2050 (Government of 
Newfoundland and Labrador 2015)

Prince Edward 
Island

Reduce emissions by 10% below 1990 levels by 2020 
(Government of Prince Edward Island 2019)

Nova Scotia Reduce emissions at least by 10% below 1990 levels by 2020 
(Nova Scotia Environment 2013)

New Brunswick Reduce emissions by 10% below 1990 levels by 2020, and by 
75–80% below 2011 levels by 2050 (Government of New 
Brunswick 2013)

Central 
Canada

Quebec Reduce emissions by 20% below 1990 levels by 2020 
(Government of Quebec 2012)

Ontario Reduce emissions by 15% below 1990 levels by 2020, 
followed by 37% reduction in 2030 and 80% in 2050 
(Government of Ontario 2016)

Prairie 
provinces

Manitoba Reduce emissions by 1/3 over 2005 levels by 2030, by half in 
2050, and be carbon neutral by 2080 (Government of 
Manitoba 2015)

Saskatchewan Reduce emissions by 20% below 2006 levels by 2020 
(Stastna 2015)

Alberta Reduce emissions by 14% by 2050 compared to 2005 levels 
(50% below business as usual scenario) (Government of 
Alberta 2008)

West coast British 
Columbia

Reduce emissions by 40% below 2007 levels by 2030, 60% 
by 2040, and 80% by 2050 (Government of British Columbia 
2018)

Territories Yukon Reduce the emissions intensity of existing residential, 
commercial and institutional buildings across Yukon by 5% 
and the emission intensity of on-grid diesel power generation 
by 20% by year 2020 (Government of Yukon 2015)

Nunavut No targets are set for reducing GHG emissions (Auditor 
General of Canada 2018)

Northwest 
Territories

To limit emissions increases to 2500Kt by 2020, before 
stabilizing emissions at 2005 levels by 2030 (The 
Government of Northwest Territories 2011)
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interventions in energy efficiency mainly involve setting minimum efficiency 
standards and labelling programs.

Energy saving interventions are generally applied to replace or reduce active 
energy consumption through passive technological means, using alternative 
technologies, products, or designs. Building retrofitting for better insulation or 
increased natural lighting and ventilation are examples of this. Integrating energy 
saving features in building design has been done through regulatory means, 
resulting in building energy codes and standards (Du et al. 2014; Berardi 2013; 
International Energy Agency 2013). Green building rating tools with passive 
energy saving techniques incorporated in them are now in use to evaluate the 
environmental impacts of the building sector (Chen et al. 2015; Nejat et al. 2015). 
The main barrier to energy saving technology adoption at present is the addi-
tional cost during construction and retrofitting. A challenge that affects techno-
logical interventions for demand reduction across the board is the principal agent 
issue, especially in a context such as Canada (Kelly 2012; Davis 2011). The 
building construction is primarily undertaken by property developers and then 
sold to occupants. Apartment-condominium constructions account for a signifi-
cant fraction of the housing stock at 32% (Natural Resources Canada 2019f). In 
2016, 32.2% of the households were rentals (Statistics Canada 2017). In such a 
setting, the direct beneficiary of energy demand reduction may not be the party 
who is incurring the costs of energy efficiency and savings enhancements. Thus, 
property developers and landlords may be unwilling to invest higher costs on 
energy saving designs and efficient appliances (Karunathilake et al. 2018).

In contrast, energy conservation is a user-centered and low cost approach to reduce 
energy use, by changing behavioural patterns of consumption (Karunathilake et al. 
2018). Energy demand can be reduced significantly by eliminating non-essential 
instances of energy use with more energy-conscious behavioural choices at zero cost. 
It has been indicated that conservation-oriented behaviours can reduce heat, electric-
ity, and water consumption by 51%, 37%, and 11% on average respectively (Huebner 
et al. 2013). Technological and regulatory interventions can play a role in promoting 
energy-conscious behaviours. Regulations and information focused programs can 
incentivise people and motivate them to be more conscious and conservation-focused 
energy users (Lindén et al. 2006; Campillo et al. 2016). Smart control technologies 
and building automation can remove the burden on users on eliminating unnecessary 
energy use by simply mechanising the process based on the existing conditions 
(Karunathilake et al. 2018).

In battling climate change, more and more regions are now trying to regulate 
emissions from all economic sectors. In addition to energy demand reduction, RE 
integration is promoted globally as an instrument of emissions reduction as well as 
increased energy security. While the transformation from fossil fuels to renewables 
is slow, RE installed capacity has been steadily increasing. Another fascinating 
development in the recent times for emissions mitigation has been the advent of 
carbon capture, storage, and utilisation technologies into mainstream markets. Due 
to the lack of maturity of the above technologies, they have not yet been integrated 
into large scale emissions reduction planning strategies and policy development. 
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Currently, Canada is a world leader in both RE and carbon capturing (International 
Energy Agency 2020). As fossil fuels are unlikely to go out of use in the near future, 
further investigations on clean energy carbon capturing technologies are extremely 
important for emissions reduction efforts.

3.2  Policies and Regulations to Battle Adverse Scenarios 
of Energy Use and Climate Change Levels of Policymaking

Various policies and instruments have been adopted to manage energy demand 
effectively and mitigate climate change in Canada. These policies focus on demand-
side management through technical and procedural interventions, as well as behav-
ioural transformations. Figure 13.5 summarises some of the policy instruments used 
in energy and emissions management and promotion of clean energy technologies 
(Boza-Kiss et al. 2013; The Climate Policy Info Hub 2019). Policies and instru-
ments are developed at all levels of governance. Certain policy instruments can only 
be defined and applied at specific levels of government, depending on the level of 
authority and enforcement power required.

The positive fiscal instruments and chiefly targeted towards reducing the cost 
barrier towards increased penetration of demand reduction and emissions mitigation 
measures. Tax rebates, deductions, and reliefs are expected to incentivise both com-
mercial and industrial sectors for demand reduction and emissions mitigation (Price 
et al. 2005). Subsidies, grants, loans, and funds are aimed at making energy effi-
ciency more affordable. In Canada, many such financial incentives and affordability 
enhancement schemes are available at federal, provincial, and municipal levels 
(Natural Resources Canada 2016b). Price signals are another mechanism used to 
indicate energy conservation goals to the general public (Campillo et al. 2016).

Fig. 13.5 Policy instruments for effective energy and emissions management

H. Karunathilake et al.



279

The negative fiscal instruments are more controversial. The economic benefits of 
emissions inducing activities have to be carefully balanced against their negative 
environmental impacts in imposing these (Price et al. 2005). There are concerns that 
these policies are have negative impacts, particularly on the industrial sector, ham-
pering competitiveness and economic growth. Similarly, commercial and residen-
tial energy users complain that carbon taxes place an unfair economic burden 
especially on the low-income households and small businesses (Tax Policy Center 
2019). The danger is that this can lead to indirect negative impacts, such as increased 
energy poverty, reduced industrial activity, and loss of jobs unless carefully man-
aged. This thinking has led the Canadian Government to scale back some guidelines 
for taxation counter to the interests of climate change mitigation, such as reducing 
the carbon tax thresholds (Quinn 2018).

Imposing minimum energy efficiency requirements and building energy perfor-
mance standards are also expected to reduce inefficient energy use and losses, thus 
leading to a reduction in energy-related emissions. This is a common approach 
adopted across the world (Du et al. 2014; Berardi 2013; International Energy 
Agency 2013). IEA has reported that the effectiveness of building energy codes is 
dependent on mandatory enforcement (International Energy Agency 2013). 
Moreover, for maximum effectiveness, these codes need to be extended to cover all 
building types in construction, extension, and renovation phases, with minimum 
performance levels set based on best technologies available in market. Building 
energy codes are classified as “performance-based” and “prescriptive”. Prescriptive 
codes define minimum performance levels for individual building system compo-
nents. The criticism against this type of codes is that they do not allow enough flex-
ibility and autonomy to developers and other stakeholders to make investment 
decisions in the most effective manner considering economic, environmental, and 
social aspects together (Timmons et  al. 2016). Performance based codes, on the 
other hand, specify overall energy and emissions performance based on the different 
load types instead of components (International Energy Agency 2013; Nejat et al. 
2015). This addresses the “inflexibility” limitation associated with prescriptive 
codes, but may be too difficult to interpret in actual application due to having only 
high level mandates without specifying how to get there. The National Energy Code 
of Canada for Buildings is constantly evolving with the changes in technology and 
building sector, and sets requirements for heating, lighting, ventilation, envelope, 
system components etc. (Natural Resources Canada 2018a).

The concept of Energy STEP Codes that look beyond the minimum requirements 
of the national code is taking root in Canada at present. The province of British 
Columbia has taken a lead in this, by introducing a performance-based standard with 
measurable energy efficiency requirements for new construction in consecutive steps, 
claimed to be North America’s most innovative beyond-code energy efficiency stan-
dard (Frappé-Sénéclauze 2018). Builders must demonstrate compliance by meeting a 
set of defined metrics for building systems, envelope, and airtightness. The overall 
goal is to move towards net-zero ready buildings by 2032. With each step, achieving a 
higher level of performance is required. Individual local governments (i.e. municipal 
level) have the choice of mandating or incentivising the building sector to meet the 
stipulations. The BC Energy STEP code also attempts to consider the effects of 
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geography and climate zones, building types, and cost-effectiveness, and is currently 
under further research and development (Government of British Columbia 2017).

Currently, “ENERGY STAR” and “EnerGuide” labelling is used within Canada to 
inform the buyers on the energy efficiency performance of equipment and appli-
ances (Natural Resources Canada 2015). There are also green building certification 
schemes widely used in Canada, such as BOMA EESt, BREEAM, BuiltGreen, 
EnerGuide, ENERGY STAR for New Homes, R-2000, LEED, and Living Building 
Challenge (Gamalath et  al. 2018). While many of these are recognized and pro-
moted by policymaking entities, such as the federal and provincial governments, 
they are not yet mandated. Instead, these are implemented as voluntary programs 
and informative measures. Natural Resources Canada, the federal department 
responsible for natural resources, energy etc., also provides access to various data 
analysis software and modelling tools for performance rating, such as RETScreen, 
EE4, HOT2000, and CAN-QEST to further facilitate energy efficiency endeavours 
(Natural Resources Canada 2019a).

Compliance-based energy codes and minimum efficiency mandates seem to be 
an effective idea at face value, particular as it is expected that energy efficiency 
improvements between 10.3 and 14.4% are achieved under the current standards 
(National Research Council of Canada 2019). However, this too can pose an unfair 
penalty on the low-income earners. It should be kept in mind that high efficiency 
appliances, energy saving technologies, and green constructions all come with an 
added price tag. Therefore, these efficient and energy saving options may be unaf-
fordable to the lower-income segments of the society under current conditions. 
Making minimum efficiency and energy performance standards mandatory may 
well drive the low cost options out of the market, further contributing to economic 
inequality, loss of quality of life, and energy poverty. In addition, the high cost of 
green residential construction has the potential to drive the housing prices higher, 
when the developers attempt to pass on the costs to the buyers, in a market that is 
already facing a housing affordability crisis, thus indirectly contributing to poverty 
and homelessness.

When the actual outcomes of energy efficiency and emissions mitigation policies 
or strategies are considered, some interesting observations can be made, sometimes 
contrary to popularly-held beliefs. Rebound effect is one such example, where the 
actually realised energy saving due to efficient technologies can be much lower that 
expected, or in fact may be negative. This is simply because the perception of energy 
efficiency results in more carefree energy use patterns in the users, who this that 
they consume less energy due to energy saving measures and more efficient tech-
nologies (Berry and Davidson 2016). This indicates that policies focusing on tech-
nological interventions need to take into account the social and behavioural 
components as well, and they should be supplemented with education and aware-
ness initiatives. Income levels and socio-cultural demographics too make this issue 
further complicated. When energy users do not have a sense of the actual energy 
consumption and where they stand with reference to the expected levels, it is diffi-
cult to modify behaviours and usage patterns. Information, self-evaluation mecha-
nisms, and benchmarks are tools that can be used to help with the above issue. To 
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support the above, the Canadian federal and provincial government bodies engage 
in regular statistical surveys and analyses, which are reported in the form of publicly 
available databases and information (Statistics Canada 2016).

Education and knowledge can play a significant role in promoting conscious 
behaviour (Gyberg and Palm 2009). Information and outreach focused programs 
have been successfully adopted in different places to improve public awareness and 
knowledge on energy efficiency (Lindén et al. 2006; Campillo et al. 2016). Moreover, 
it has also been identified that providing efficiency education at a young age to chil-
dren through means such as school curricula, can be a highly effective mechanism 
for promoting demand reduction. Children educated early in their life grow up to be 
advocated of energy saving, and families can be influenced through them. Learning 
new practices is much harder as adults, and energy-consciousness is better transmit-
ted to intellect at early ages. Further, it has been demonstrated that children have 
considerable influence on their parents purchasing decisions (Fell and Chiu 2014).

3.2.1 Carbon Economy – Fiscal Instruments for Emissions Mitigation

One of the most popular climate action tools today is carbon pricing, a mechanism 
that seeks to attribute a monetary price to the release of GHG emissions with the 
assumption that this will drive low-carbon innovation in all economic sectors 
(National Energy Board 2018; Environment and Climate Change Canada 2017). It 
is anticipated to be the most practical and cost-effective mode of reducing GHG 
emissions as well. These carbon pricing systems are currently in the process of 
being adopted by various provincial and territorial governments in Canada, in line 
with the Pan-Canadian Framework on Clean Growth and Climate Change. It is 
assumed that by 2025, the nominal carbon price will level out at $50/tonne in all 
provinces and territories (National Energy Board 2018). Figure 13.6 summarises 
the carbon pricing mechanisms and instruments used in propagating carbon econ-
omy. The two main strategies proposed for carbon pricing by the Canadian 

Fig. 13.6 Carbon pricing systems in Canada
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government are explicit price-based systems (e.g. BC and Alberta) or cap-and-trade 
systems (e.g. Ontario and Quebec) (Government of Canada 2016). Carbon credits 
go hand in hand with such pricing mechanisms where entities that have low, zero, or 
negative emissions operations receive tradeable credits. Under the cap-and-trade 
systems where maximum allowable emissions levels are imposed, exemptions and 
output-based permit allocations in order to keep certain industries, such as steel and 
mining competitive in the world market. This is an important aspect to be consid-
ered in defining carbon pricing policies. While the end goal of carbon pricing is to 
achieve a positive environmental impact, the economic side-effects should be miti-
gated as far as possible. Carbon pricing also opens up new avenues of commerce 
through the new trading opportunities between high and low emitters. This is an 
international market, where carbon credits can be acquired from other countries as 
well, and the next stage of Government of Canada’s carbon pricing is to integrate 
international credit import and export in the pricing framework after the initial five-
year review in 2022 (Government of Canada 2016).

By allowing provinces and territories to decide on their own carbon pricing sys-
tem and ensuring that the revenues generated in levying the prices are reallocated to 
the jurisdiction of origin, the Government of Canada ensures that the localities have 
some control over the process and benefit from it. A side effect of the carbon pricing 
is the higher fuel prices (heating, electricity, transportation etc.) and the negative 
impact they may have on already disadvantaged individuals and communities. 
However, the government intends that climate tax refunds to citizens will ensure 
that the higher energy costs are offset eventually for around 70% of population 
(Joseph 2018). Provinces have also adopted their own variations on the carbon pric-
ing mechanisms. For example, BC has an incentive scheme that reduces carbon-tax 
costs for entities that have high performance with reference to emissions bench-
marks, and invests the industrial carbon tax revenue in promoting direct emissions 
reduction projects.

Carbon leakage is one adverse situation that can occur as a result of climate poli-
cies and carbon pricing mechanisms. Here, as a result of stringent emissions control 
policies, businesses transfer emissions inducing activities to other countries with lax 
standards and constraints (European Commission 2019). This results in a mere 
transfer of the environmental burden to another, often economically disadvantaged 
and under-developed, part of the world, and can actually result in an increase of 
overall emissions.

3.2.2 Developing Effective Policies and Emission Mitigation Initiatives

Successful achievement of climate action targets in some Canadian provinces have 
been supported by several factors. Legislated emissions caps are a notably success-
ful measure that helped reduce emissions significantly in Nova Scotia. New 
Brunswick has reduced emissions by 31% between 2005 and 2015 by implementing 
policies in favour of importing hydro and increasing wind energy generation to 
replace oil and coal (Natural Resources Canada 2017).
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Policies for energy demand management and climate change mitigation focus on 
various goals, and as such, should consider economic impacts, environmental ben-
efits, and social acceptance (Karunathilake et al. 2018). However, these goals are 
often conflicting. While a considerable effort is being made across Canada for 
energy and emissions management policy development, one key limitation in most 
of the current policies is an integrated approach that considers economic, environ-
mental, and social aspects simultaneously and comprehensively in policy develop-
ment. Moreover, in Canada, energy demand patterns vary heavily based on climatic 
regions, as previously discussed, and any developed policy frameworks should take 
this variation into account. Further, policy making that happens at one level of 
administration can have impacts on various strata of government and society. This 
disconnect between the different interests can lead to complaints about policies 
being too distant from practical reality. Taking an inclusive and participatory 
approach to policymaking can address the above challenges and limitations, which 
is especially important in a diverse and geographically vast country like Canada. 
Equity is a key aspect that needs to be kept in mind when developing policies.  
A prescriptive approach that focuses on equal treatment may not necessarily be the 
most equitable course of action.

4 The Dynamics of Carbon Pricing and Emission Policies

Given the ongoing and potential adverse effects of climate change, carbon pricing 
in the form of tax and cap and trade systems are understood to be ideal tools that can 
potentially strengthen the current mitigation battle against climate change. In order 
to increase the political legitimacy and social acceptance of these tools, information 
needs to be transmitted to all stakeholders, highlighting their benefits to different 
layers of the society, especially to individual families. As previously mentioned, 
carbon pricing will elevate the costs for fossil fuel, electricity, ands gas, yet it is the 
“price increment gradient (PIG)” that will control the behavior of the individual 
consumers (Chen 2019) (Nahiduzzaman et al. 2018). The federal tax prices carbon 
at the rate of $20 per tonne, which is equivalent to a PIG of 4.4 cents per one litre of 
gasoline in 2019, is projected to be 11 cents a litre by 2022 due to the gradual 
increase of the carbon tax (Chen 2019) (The Globe and Mail 2019). This essentially 
makes PIG a critical price factor that is expected to curb the fossil fuel consumption 
while changing the behavior in favor for non-fossil fuel based choices. In the exist-
ing carbon pricing program, specific elements are critically designed and directed to 
minimize the stresses related to finances and market competition at the individual 
family level. Rebates and tax credits are among the most well designed elements 
(The World Bank Group 2019). The tax paid in the form of carbon pricing is 
expected to be reimbursed to the individual families through rebate programs. While 
tax could be categorically perceived as a “stick” tool, rebate turns out to be a “car-
rot” measure that paves out the inspirational pathway to embrace as well as practise 
“stick” in the daily behavior of the consumers.
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Carbon price is not constant across the provinces. It is modified with changes and 
variations in line with the regulations of the provincial government that support the 
federal regulatory goals. Each jurisdiction relies on different amounts of fossil fuels 
while the payments in each province will be based on the number of people in a 
family and paid to one tax-filer. This way, the families will counter cost with a gen-
eral annual rebate based on the average expenses of a province and evenly divided 
across the board (Chen 2019). For examples, Ontario household is expected to pay 
$244 in direct and indirect costs for carbon, while it will receive $300 under the 
“climate-action incentive” with a net benefit of 22.95%, equivalent to $56. Table 13.2 
shows an average cost that each family is going to pay under carbon tax versus net 
potential gain through carbon rebate for Ontario, Saskatchewan, Manitoba and New 
Brunswick (The Globe and Mail 2019).

Regardless of differences, each family is going to gain an average amount of 
$100.25, which will be about 35% appreciation on the amount paid as carbon tax. 
Ideally, this should be an encouraging stimulus to get the families streamlined in 
favor of carbon taxation. However, there is still a considerable resistance amongst 
the families and other stakeholders across the provinces against the federally 
imposed regulatory tool for the territories and provinces, largely due to misinforma-
tion and widely held misconceptions surrounding this initiative. Next section 
attempts to unearth the reasons behind and critically discusses the current policy 
gaps and pertinent challenges that tend to make carbon pricing less than popular 
among the general public.

4.1 Lack of ‘Right’ Information: Addressing 
the Prevailing Pitfalls

There has been a tremendous financial and intellectual endeavor to effectively 
address the negative consequences of the surging demand for fossil-fuel based 
energy (National Round Table on the Environment and the Economy 2009). Fiscal 
and regulatory instruments along with education and awareness strategies are put 
forward along the line in order to achieve the maximum efficiency (see Fig. 13.5). 

Table 13.2 Average expenditure for carbon tax versus net benefits for families

Province
Average expense for 
each family (C$)

Rebate 
(C$)

Net benefit Average net benefit
(C$) Percentage (C$) Percentage

Ontario 244 300 56 22.95 100.25 34.74

Saskatchewan 403 598 195 48.38
Manitoba 232 336 104 44.87
New 
Brunswick

202 248 46 22.77

Source: Adapted from (The Globe and Mail (2019))
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While the first two domains of supportive interventions are prominent and highly 
visible in favor of carbon pricing, “education and awareness” segment largely lags 
behind in disseminating clear information to the Canadians on:

 – Detailed price breakdowns of carbon tax and corresponding monetary incentives 
in the form of rebates and subsidies;

 – The operational method for carbon pricing – how does it work?
 – Short and long-term benefits of carbon tax (e.g., people will drive less and choose 

more-efficient cars or sustainable modes of transportation, such as electric vehi-
cle, public transit, etc.) and contributions from each family as per the annual 
income and other pertaining attributes;

 – Manifestation on how the continued contributions through carbon tax is going to 
address the current and future adversities posed by rapidly changing climate;

 – Key modules of energy, environment, and sense of security for the future genera-
tions where families could see direct and indirect benefits of their contributions.

Public perception about any regulatory instruments in Canada relies more on per-
ceived fairness and equity than actual efficiency that the designed instruments are aim-
ing to achieve (Cross 2019). Arguably, the apparent “perception” and embedding 
knowledge about carbon tax and the expected contributions from the families are some 
what vague. Carbon tax has also become mired in politically adverse landscape, as it 
comes to the forefront of highly controversial arguments based on political agendas 
and philosophies. The phenomenon has echoed in various formats and occasions across 
the provinces. For instance, only 47% of the British Columbian residents opined that 
they were in favor of carbon tax, although the BC government offered a climate action 
tax credit with GST/HST returns in order to offset the embedded cost. However, the 
provincial government recently declared the CleanBC plan that incorporates industrial 
incentives and a “Clean Industry Fund” to help industries stay competitive by being 
innovative, which in turn is expected to reduce both the price of commodities and tax 
burden on the families (The Canadian Press 2019).

The benefits of carbon tax and the consecutive price burdens on families have also 
been misinformed and slanted. Many of such attempts could be attributed to politi-
cally motivated propaganda, as indicated by recent evidence in Ontario. The Ontario 
Provincial government contends that carbon tax is likely to cost the average family 
$648 a year in 2022, in contradiction to the federal government currently held (2019) 
plans to set it at $244 (The Globe and Mail 2019) (The Canadian Press 2019). While 
the figure for 2022 is yet to be authenticated, the public information turned out to be 
only partial without the fact that 80% of the families are expected to receive a higher 
return through a rebate delivered on their income tax return than what they paid as 
climate-related taxes, as shown in Table 13.2. Furthermore, the Ontario government 
also insists that the carbon tax is going to elevate prices for both gas and groceries 
(The Canadian Press 2019), which does not seem to have a factual ground. Ironically, 
many people tend to react to such negative information, and oppose regulatory provi-
sions i.e. carbon taxing based on the prevailing (distorted or partial) information 
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without any attempt for triangulation (McCarthy 2019). While the dissemination of 
such deceiving and fabricated information might be entertained in the political dogma, 
the role of the federal government in addressing such practices cannot be ruled out. In 
other words, the federal government must play a responsible role in order to dissemi-
nate the “right” and “complete” information about carbon tax to all governmental tiers 
and families across the provinces and territories.

On the other end of the spectrum, there is a growing need to evaluate the current 
level of knowledge among the Canadians about the existing regulatory tools and 
extent of urgency to tackling climate change in order to reduce GHG emissions. A 
poll released by Abacus Data suggests that one third of the Canadians believe that 
climate change is not caused by human and industrial activities. While the above 
finding is surprising, a group of economists suggest that this survey was not broadly 
understood by Canadians (Zimonjic 2018). However, a recent poll conducted by 
Nanos Research further advocates that though majority of the Canadian families 
support climate change mitigation, they are not ready to pay more than $200 per 
family annually through carbon tax (Gordon 2019). Interestingly, the number of 
people who wanted government to focus less on policies to reduce carbon emissions 
has doubled – from 8% in 2015 to 16% in 2018. Another staggering figure suggests 
that only 42% Canadians are familiar with the concept of carbon pricing and its 
resulting benefits to the environment, with 10% being “very” familiar and 32% 
being “quite” familiar (Zimonjic 2018). When the level of perception about carbon 
pricing, its core benefits, the individual contributions, and backstop year round 
return (rebate) policy is poor, gaining the necessary support to implement this vital 
regulatory tool would be immensely challenging. Moreover, it will be cumbersome 
to get all the tiers of government, including territories, provinces, regional districts 
and municipalities on board to support the initiative. This will further complicate 
the fact that without having a desired consensual opinion from the individuals, any 
level of government would be reluctant to proceed with carbon pricing, although it 
might yield exceptional merit and better prospects to the current and future genera-
tions. Given the prevailing status quo along with the intellectual and political 
impasses, it is significant for the federal government to design a context-specific, 
clear and all-encompassing package for the individuals and families to receive 
“right” information in order for them to take informed decisions.

4.2  The Need for ‘Right’ Information: What Needs 
to Be Done?

As discussed in the previous section, information dissemination strategy has been 
very weak and not well thought out. As a result, a significant number of families is 
still either completely unaware or only partially informed about carbon tax and pric-
ing concepts (Zimonjic 2018). The only forms of communication methods used for 
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public education were mass media, notably TV channels, YouTube, and social 
media. Moreover, the content of communication has been brief enough to ade-
quately convey the key essence about carbon pricing tool (Carattini et al. 2017). 
This stems a pressing need to convey the “right” information package about the 
backward and forward linkages associated with carbon pricing. Canada being a 
country with significant socio-cultural and ethnic diversities demands a well 
designed communication strategy that takes into account the sensitivity and signifi-
cance associated with such diversity to fruitfully educate the families. Clearly, the 
current endeavor to disburse the right information falls short of what is adequate 
(Carattini et al. 2017). Below are some of the thoughtful communication strategies 
that would potentially bridge up the prevailing knowledge gap(s) among the 
Canadians. They are likely to contribute in addressing the asymmetries of (mis-)
information. A well-designed communication strategy aims to increase the visibility 
of potential benefits of carbon economy, by offering “accurate” and “complete” 
message with evidence, which in turn would overcome the fundamental issues of 
distributional fairness, political trust, and policy effectiveness at the federal, provin-
cial, and local levels (Carattini et al. 2017; Mattauch et al. 2017).

The information package must clearly entail

 – Price breakdown while specifying the price increment gradient (PIG) with actual 
contributions of carbon tax in regular gas price and energy bills with a clear mes-
sage on rebates against the family income and other pertaining attributes.

 – GHG reductions achieved versus the expected when carbon tax rates are increased 
over time along with the co-benefits gained in reducing congestion, air pollution 
and health costs, improving health and quality of life, among others.

 – The aggregate impacts of carbon tax on family income and economy with a high-
light on the potential competitive effects and job prospects with a specific focus 
on the consequence of rebates, subsidies and any social cushioning measures that 
are used to minimize these impacts (Carattini et al. 2017). The modes for these 
information package would include printed stickers, leaflets, brochures, etc. that 
are also going to be publicized through online (social) media;

 – Awareness sessions need to be organized at the level of communities, schools, 
and universities with a concerted effort to facilitate dialogues with the people 
from all age-cohorts, socio-cultural and income diversities.

 – Supplementary programs on consumption behavior and pertaining directives are 
to be designed on the systemic acts to curtail fossil fuel based consumption 
(Nahiduzzaman et al. 2018) (Chelleri et al. 2015).

 – Energy policies being impactful to everyone – from the federal government to 
individual families and citizens – it is vital that everyone voices their opinions, 
suggestions and advocative directives in the ensuing discussion. Therefore, a 
participatory approach needs to be pursued to consult with the wide arrays of 
stakeholders, notably federal, provincial, territorial, and municipal governments, 
industries, residents, and academia.
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This may help revise both federal and local regulatory instruments for  
carbon pricing and cap to effectively meet the stakeholders’ expectations  
and needs.

5 Conclusion: Take Away Lines and Way Forward

While climate change and its adverse consequences appear to the forefront of intel-
lectual and political discourses, carbon pricing and cap seem to be effective regula-
tory tools for the emission mitigation endeavours. However, implementation of 
these tools is going to be immensely daunting due to lack of consensual support 
from a range of stakeholders, including the government and regulatory bodies at 
different tiers and industrial and commercial partners. Moreover, these tools may 
not seem very appealing to the Canadians when the immediate financial compensa-
tions hastily overshadow the long-term gains. The phenomenon of acceptance is 
further exacerbated by the inability of the stakeholders to comprehend the key 
essence of the temporary financial compromises in order to reap later gains through 
rebates, subsidies and other forms of compensations along with the promise for a 
better environment. This is primarily attributed to the apparent failure of the federal 
government to communicate the “right” information to the lower tier of governance 
and mass Canadians. The detailed architecture of transfer for “complete” and “right” 
information concerning carbon pricing is under discussion at the federal policy. 
However, the current “customary” practice of its dissemination among the stake-
holders has been staggeringly weak. Due to lack of complete and holistic knowl-
edge of carbon pricing, the discussions on this issue often turn out to be partial and 
incomplete. The instance of lack of participation by the Canadian families further 
perplexes the status quo. Because they are not provided with the needed information 
and functional platforms in order to contribute to the current debates towards (re-)
shaping the carbon pricing regulations and stemming policies.

In pursuit to remove the current layers of barriers to achieve the goals for  
carbon pricing, the current status quo essentially calls for a “pathway” of stake-
holder engagement. The trail to deliver a package of accurate and complete infor-
mation on climate pricing to help the stakeholders take informed decision and 
policy is conceptually illustrated in Fig. 13.7. On the same note, it is imperative to 
provide details on the encouraging factors as “carrots” while stressing on the price 
increment gradient (PIG) as “stick” to depict the financial penalties that eventually 
pay off in the forms of reimbursements and environmental benefits. This paper 
argues that the success of carbon pricing tool to address the climate change induced 
adversities does not solely rely on mandatory penalties, but also on stakeholder’s 
acceptance. It is apparent that the short- and long-term benefits outweigh the costs, 
although this fact is inaccurately rendered in the current intellectual and political 
deliberations.
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1  Introduction

Human effect on the climate system is highly apparent; anthropogenic emissions of 
greenhouse gases have reached the highest amount in the history of humanity in 
recent years. For the data of the Intergovernmental Panel on Climate Change (IPCC) 
in 2014, the period from 1983 to 2012 was the warmest 30  years of the last 
1400 years in the Northern Hemisphere. With reference to the land and ocean sur-
face temperature data around the world, the temperature increase in the period of 
1880–2012 was 0.85 °C (Topçu 2018).

Anthropogenic greenhouse gas (GHG) emissions have increased from the pre- 
industrial period to the modern day because of the economic growth and population 
increase. This circumstance has caused the amount of atmospheric carbon dioxide 
(CO2), methane (CH4) and nitrous oxide (N2O) concentrations that have not been 
observed at least in the last 800.000 years. In the course of events, it is revealed that 
especially the atmospheric CO2 emissions have contributed to global warming as 
from the midst of the twentieth century (IPCC 2014).

Anthropogenic GHG emissions are directed by population growth, economic 
activities, energy consumption, land use, lifestyle dynamics, technology and cli-
mate in principle. Accordingly, future simulations are important based on these fac-
tors to determine the next projections.

Approximately, 40% of anthropogenic GHG emissions in atmosphere between 
the years of 1750 and 2011 stayed in the atmosphere; the rest of related emissions 
were conducted away the atmosphere. However, these emissions have been stored 
in plants, soils, and oceans. Oceans absorbed almost 30% of released anthropogenic 
CO2 emissions; this situation has caused oceans to acidulate. Approximately half of 
the anthropogenic CO2 emissions between 1750 and 2011 occurred in the last 
40 years (See Fig. 14.1) (IPCC 2014).

Although the ever-mounting climate change decreasing policies, total anthropo-
genic GHG emissions continued to increase from 1970 to 2010 (by more absolute 
increases between 2000 and 2010). CO2 emissions and industrial processes arising 
from fossil fuels combustion contributed to almost 78% of GHG emissions (See 
Fig. 14.2) (IPCC 2014).

According to the scenario of IPCC, global average surface temperature increases 
are projected to increase between 0.3 °C and 0.7 °C in the 2016–2035 in comparison 
to 1986–2005. It is expressed that global surface temperature will exceed 1.5 °C at 
the end of the twenty-first century (2081–2100) in comparison to the period of 
1850–1900.

Figure 14.3, in 2017, GHG emissions in the EU decreased by 22% compared to 
1990, shows a decrease of 1240 million tons (CO2 equivalent). A general downward 
trend in emissions between 1990 and 1999 (except the peak in 1996) is seen. The 
course of GHG emissions in the period of 1999–2006 did not change in general in 
spite of the fact that it decreased till 2008 in small ratios. There was occurred a sharp 
drop in emissions as the result of industrial activities that decreased because of the 
2009 global crisis. Emission amounts that increased again in 2010 have started to 
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Fig. 14.1 Globally GHG Gas Concentrations and Global CO2 Emissions, 1750–2011. (IPCC 2014)

Fig. 14.2 Total Annual Anthropogenic GHG Emissions by Gases, 1970–2010. (IPCC 2014)
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decrease as from 2011. GHG emissions that increased some in 2015 in comparison 
to 2014 tended to decrease in 2016. In 2017, emissions increased by 0.7%, namely, 
the equivalent of 30 million tons of CO2.

As is seen in Table 14.1, GHG emissions were highest in Germany across the EU 
in 2017 (21% of the total of EU, equivalent of 936 million tons of CO2). England 
and France followed Germany. The lowest emission amount in 2017 was seen in 
Malta (2.6%). The biggest declines in emission amounts in comparison to 1990 
were recorded in Lithuania (57%), Latvia (56%), Romania (54%) and Estonia 
(48%). On the other hand, the biggest increases in emission were occurred in Cyprus 
(56%), Portugal (23%) and Spain (22%).

Climate change creates several direct and indirect effects. The possible increases 
in the frequency of heatwaves and droughts are among the direct effects. Direct 
effects generate sub-effects. Water scarcity and lack of water supply arising from 
drought affect various sectors and critical infrastructures. For example, the lack of 
water supply for cooling negatively affects power generation in electric power- 
plants (Rübbelke and Vögele 2010, 2011).

The proofs that show the climate change are certain; the result of this change has 
increasingly been felt in both Europe and around the world. The mean global tem-
perature that is above 0.8 °C in comparison to pre-industrial levels has continued to 
increase more prominently. The changes in climate affects all the regions of the 
world because of the effects such as changing natural periods, changing the raining 
frequency, melting of icebergs, depleting the ozone layer, acid rains, eutrophication 
of coastal waters and elevation sea levels (Croce et al. 2018; Dovi and Battaglini 
2015). There is a consensus among climate researchers about an assumption that 
serious natural disasters arising from excess weather events may occur as stronger 
and more frequent. In this sense, the importance of impact assessments of disaster 
is expected to increase for near future projections in climate change (Többen 2017). 
Thus, developments in economic disaster effect models form a basis to improve 
climate change adaptation strategies in different variations.

Fig. 14.3 Total GHG Emissions Trend, EU-28, 1990–2017 (Index 1990 = 100). (Eurostat 2019)
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In analogy to the situation across the world, for IPCC (2014) data, the number of 
periods which are characterized the frequency and density of heatwaves and 
droughts in Europe will increase in the future because of the climate change. Current 
data on European scale points out that damages arising from the river and coastal 
flood; there is water scarcity; damages increase because of extreme temperatures 
and forest fires. In many countries, as well as in Europe, natural disasters are the 
main source of the economic effects which accelerate climate change. The long- 
standing public discussions in Europe focus on the economic costs of climate 
change mitigation policies like promoting the use of ecological energy resources. 
Natural disasters arising from the climate change are required to see the whole pic-
ture for a comprehensive evaluation towards cost-benefit accounting. Therefore, 

Table 14.1 Total GHG emissions, by Country, 1990–2017 (million tonnes of CO2-equivalents). 
(Eurostat 2019)

1990 1995 2000 2005 2010 2015 2017 Share in EU-28
EU-28 5 722.9 5 397.8 5 287.2 5 362.0 4 917.5 4 470.3 4 483.1 100.0%

Belgium 149.7 157.6 154.5 148.9 137.1 121.6 119.4 2.7%
Bulgaria 102.6 75.5 59.8 64.5 61.1 62.2 62.1 1.4%
Czechia 199.8 158.7 151.1 149.5 141.7 129.5 130.5 2.9%
Denmark 72.1 80.1 73.2 68.8 65.5 50.8 50.8 1.1%
Germany 1 263.2 1 138.1 1 064.7 1 016.5 967.0 931.8 936.0 20.9%
Estonia 40.5 20.3 17.4 19.3 21.3 18.3 21.1 0.5%
Ireland 56.5 60.3 70.3 72.0 63.4 61.7 63.8 1.4%
Greece 105.6 111.8 128.9 138.9 121.0 98.2 98.9 2.2%
Spain 293.3 335.3 397.1 452.6 370.1 351.8 357.3 8.0%
France 556.6 553.8 567.0 570.7 528.0 477.3 482.0 10.8%
Croatia 32.4 23.2 26.1 30.3 28.4 24.6 25.5 0.6%
Italy 522.1 538.3 562.1 589.2 514.7 443.7 439.0 9.8%
Cyprus 6.4 7.9 9.2 10.2 10.3 9.1 10.0 0.2%
Latvia 26.5 13.0 10.6 11.6 12.7 11.6 11.8 0.3%
Lithuania 48.6 22.5 19.6 23.0 20.9 20.5 20.7 0.5%
Luxembourg 13.1 10.7 10.6 14.3 13.4 11.6 11.9 0.3%
Hungary 94.2 75.9 73.9 76.2 65.7 61.3 64.5 1.4%
Malta 2.3 3.0 3.1 3.2 3.2 2.5 2.6 0.1%
Netherlands 226.4 239.3 229.8 225.8 224.1 207.5 205.8 4.6%
Austria 79.6 80.9 82.1 94.5 86.8 81.0 84.5 1.9%
Poland 475.0 445.7 396.3 404.3 413.1 392.3 416.3 9.3%
Portugal 60.8 70.8 84.3 88.1 71.7 71.1 74.6 1.7%
Romania 248.9 187.8 143.6 151.7 124.4 117.2 114.8 2.6%
Slovenia 18.7 18.8 19.1 20.6 19.7 16.9 17.5 0.4%
Slovakia 73.4 53.3 49.2 51.3 46.4 41.8 43.5 1.0%
Finland 72.3 72.8 71.3 71.2 77.4 57.2 57.5 1.3%
Sweden 72.7 74.7 70.4 68.6 66.4 55.7 55.5 1.2%
United 
Kingdom

809.9 767.6 741.9 726.2 642.1 541.5 505.4 11.3%
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types of policies that Europe will follow in the energy sector against possible cli-
mate change threats which are expected to increase.

Data that belong to global climate change reveals the truth that effective policies 
regarding struggle with climate change need to be urgently determined and applied. 
The recent increase in the share of ecological energy sources in total energy produc-
tion in Europe and the CO2 emissions from energy consumption have increased by 
1.0% in the world in 2007–2017 period, while the (European Union) EU 1.7% 
decrease in the EU necessitates the examination of energy policies implemented by 
the EU in the fight against climate change. The reason given is the starting point of 
this paper. In parallel with this purpose, it was aimed to scrutinize the struggle with 
climate change at the EU scale that is accepted as the leader of ecological energy 
policies.

The goal of this paper was to review the relationship between climate change and 
energy resources within the scope of European Union countries for the period of 
1990–2018. More specifically, the purpose was to evaluate the effects of consump-
tion on nonrenewable and ecological energy resources on CO2 emissions. This study 
consists of 7 parts including an introduction. The second chapter shows the cyclical 
relationship between climate change and energy; the third part explains the develop-
ments in the energy sector in the European Union. Then, the energy policies of the 
European Union were analyzed within the historical process. The fifth chapter 
shows the material, method, and findings relating to the empirical analysis. In the 
sixth part, the energy policies implemented are evaluated together with solutions 
and suggestions. The research is ended by the conclusion text.

2  Cyclical Relation Between Climate Change and Energy

Anthropogenic effects on climate change go back to the roots of transformation in 
the energy sector as the result of the Industrial Revolution. Energy revolutions 
which started coal and have continued by natural gas in the twentieth century 
brought welfare and wealth. Energy transitions provided more flexible and non- 
central production processes by transforming economic activities; it also encour-
aged demographic and social transformations and changed the political structures at 
the same time. This process placed the global economy on energy consumption 
orbit that may cause serious CO2 emissions (Fouquet 2016). Global economic 
growth continues to be the most important driving force of increases in CO2 emis-
sions arising from fossil fuels combustion. Separating CO2 emissions stemming 
from energy consumption and economic growth generates the seed of climate 
change discussions. A successful separation proves us the energy efficiency precau-
tions can be economically sustainable (Moreau et al. 2019). Within this framework, 
being understood the interaction between climate and energy parameters is required 
to specify the climate change adaptation strategies which aim to minimize the nega-
tive effects of climate change and maximize the possible benefits of the same issue.
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The most critical issues in energy discussions in the period between 1973 and 
1979 oil shocks after the Second World War was to specify the level of pollution to 
provide the environmental sustainability and deplete the nonrenewable energy 
resources (Dovi and Battaglini 2015). Huge investments were made to nuclear 
energy technologies and local level solutions were delivered to reduce the level of 
pollution as the solution for increasing energy need. However, it was seen at the end 
of the 1970s that policies and approached applied remained incapable to a large 
extent. Need for reducing fossil fuel use to avoid the serious results of climate 
change has proved by the scientific pieces of evidence. Innovations have been 
adopted in the production, consumption and distribution of energy to reduce the use 
of fossil fuels; energy has become an integral part of climate change surveys. It has 
been worked on technology to increase the energy efficiency by providing better 
constructions and improved industrial design procedures; to encourage the energy 
conservation by developing low-energy products; to accelerate the transition to 
energy environment without carbon by generating more ecological energy resources. 
Moreover, scientists designed models to estimate the results of increasing CO2 lev-
els and other greenhouse gases. However, it is seen that science and technology 
could not provide a solution to avoid the negative results of global warming by 
oneself.

The relationship between climate change and energy is a cyclical process that 
reflects the feedback effect. Energy that is required to be generated the industrial 
and commercial wealth at economic growth stages of countries increases the social 
and cultural level of societies at the same time. However, energy generation and 
consumption processes create a big pressure on the environment in terms of several 
factors such as waste production, oil slicks, land use and emissions of greenhouse 
gases and other air pollutants. Related pressures negatively affect climate change 
and damage natural ecosystems and environment (EEA 2019).

Emissions arising from the use of nonrenewable energy resources in the feed-
back mechanism between climate change and energy increase the greenhouse gas 
density. Accordingly, climate change as the result of increased greenhouse gas den-
sity causes summers and winters to be warmer; it also changes the energy consump-
tion and generation models.

Anthropogenic GHG emission is the key reason for climate change. Changes in 
temperature and availability of water are the remarkable channels which can affect 
the energy sector. These effects are analyzed under three titles as (i) the effect on 
energy demand, (ii) the effect on energy supply, (iii) other complementary effects 
(effects on energy infrastructures). Climate change differentiates the demand and 
supply in the energy sector. Heating and cooling demand patterns balance change 
on the demand side of the energy sector because of increasing rising temperatures. 
For example, while the increasing temperatures in winter decrease the heating 
demand, increasing temperatures in summer increase the cooling demand. However, 
temperature increases cause electricity consumption in housing and industry sector 
to increase; accordingly, higher cooling demand is expected. Positive and negative 
effects can be seen also on the supply side of the energy sector. Effects such as out-
age hours of technology can be seen because of the changes in density and 
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frequency of excess weather events; thermoelectric power plants and transmission 
lines productivity due to increasing temperature; costs and availability of fossil 
fuels; the presence of products for bioenergy resources; variability of wind, solar 
and hydroelectric resources. Again, for example, hydroelectric efficiency may 
increase in some of the regions due to the increasing rainfall; however, thermoelec-
tric energy can create security gaps by the reasons of lower summer streams and 
higher water temperatures (Van Vliet et  al. 2012; Ciscar and Dowling 2014; 
Auffhammer and Mansur 2014; Cronin et al. 2018; Popescu et al. 2018). Moreover, 
the effects that will be seen in the energy sector will reflect the whole economy 
because of being energy a key input during the production process.

Minimizing the climate change that is one of the main policy goals for the energy 
sector shows the importance that is given to the relationship between two parame-
ters. Three main policy goals in the energy sector are as follows; limiting the energy 
resources, guaranteeing the energy supply and reducing the climate load including 
protection of the environment (See Fig. 14.4).

Four main issues should be considered while determining the energy policy tar-
gets to soften the effects of climate change (Akpan and Akpan 2012):

 (a) Environmental Efficiency: Determining the level of policy to fulfill the environ-
mental goals or actualize positive environmental results.

 (b) Cost Efficiency: Level of policy goals to reach society by minimum cost.
 (c) Issues on Distribution: Frequency or distribution results (justice, equality) of 

the policy.
 (d) Institutional Feasibility: The legitimate view, acceptance, adoption and imple-

mentation of a policy instrument.

EU provides a long-term framework for its member states to overcome the cross- 
border effects of events that cannot be dealt with only at the national level. Within 
this scope, struggling with climate change has been accepted as a long-termed form 
factor that necessitates easy going EU activities in and out of unity. The commission 
suggested Europe 2020 flagship approach based on the use of efficient resources in 
Europe (EU 2011). A related approach is based on the thought that innovative solu-
tion offers are essential to activate energy, transportation, industry and technology 

Limits cost of energy

Secure energy supply

Energy Policy Goals
Reduce environmental

burden of energy
supply and use

Fig. 14.4 Energy Policy Triangle or Trilemma. (Schmidt et al. 2019)
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investments; besides, there is a necessity to focus on energy efficiency policies more 
than ever. A series of long-dated policy plans in energy and climate fields have been 
determined in this context. Related connection explains the key factors that will 
shape the climate activities of EU for member countries to be a competitive low 
carbon economy till 2050.

Studies that are conducted about the impact channel of climate change for the 
energy sector are basically evaluated under two groups in the literature (Ciscar and 
Dowling 2014; Bonjean Stanton et al. 2016). The statistical relationship between 
climate change and energy parameters are analyzed in the first group. Those studies 
typically focus on a sector or a sub-sector of a system under the data limitation and 
remain on a regionally limited basis. In the second, the researchers, applied findings 
in empirical literature in larger modeling systems that are also called as integrated 
evaluation models.

Although the global effects of climate change on the energy sector have been 
researched often (Hitz and Smith 2004; Bouttes et al. 2006; Isaac and van Vuuren 
2009; Ebinger and Vergara 2011; Bruckner et al. 2014), regional evaluations relat-
ing to the relationship between two parameters can be found less. Following studies 
in European sample cluster explain the interaction between climate change and 
energy; Pryor et al. (2005a, b), Tuck et al. (2006), Cleto et al. (2008), Olonscheck 
et al. (2011), Mima et al. (2011), Cosentino et al. (2012), Dowling (2013), Klein 
et  al. (2013), Bardt et  al. (2013), Hueging et  al. (2013), Van Vliet et  al. (2013), 
Gaetani et al. (2014), Tobin et al. (2014), Mima and Criqui (2015), Carvalho et al. 
(2017), Totschnig et al. (2017), Davy et al. (2018), Erdoğan (2018), Topçu (2018), 
and Tranberg et al. (2019).

3  Developments in Energy Sector in the European Union

Historical experiences of Europe emphasize how the economies develop and 
increase the energy consumption by decreasing the energy density (partially import-
ing energy intensive goods from industrializing economies) and limiting the 
increases in energy (Marcotullio and Schulz 2007).

The EU has been conducting continuous research in the energy sector from the 
past to the present, involved in activities in issues like managing and using the avail-
able resources and creating resource diversity. Union’s new alternative fund seeking 
of association has continued because of several reasons like nonrenewable and inad-
equate energy arising from fossil fuels; more energy import dependence; social 
security and labor costs stemming from energy generation; environmental pollution 
and climate change. These seekings gave result in time; ecological energy resources 
have become significant in the 1950s. However, uncertainties of projections in 
energy sector establish a remarkable challenge. The general run of developments in 
resources, demographic structure and technology cannot be clearly foreseen besides 
other events which shape the energy sector (AEO 2019; Adıgüzel 2018).
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Increase in energy per capita in annual consumption volume is accepted as an 
indicator of civilization welfare in the modern world. Both oil and natural gas are 
the major energy resources that meet approximately 60% of the global demand. A 
person living in Europe uses an average of 27 (MWh) of energy annually, including 
all domestic, industrial and transport resources. This number greatly changes CO2 
emissions among countries, which are strongly linked to ecological and nuclear 
energy. Electricity and heat are the sectors which consume energy most in the EU in 
2016 (See Fig. 14.5) (EEA 2019; Arshad 2018).

Northern European countries and EU’s politically have technologically and ideo-
logically lead ecological energies in the last 20 years (Uyanık 2018). In this direc-
tion, climate change concerns and energy security generally direct European Union 
to ecological energy resources.

For BP Statistical Review of World Energy (2019) data, global primary energy 
consumption significantly increased by the effect of natural gas and ecological 
energy resources in 2018. However, carbon emissions have also increased in the last 
decade. Primary energy consumption that decreased by 0.2% in the EU in 2018 
decreased by 0.8% in the period of 2007–2017. In the same period, from non- 
renewable energy sources which are coal consumption was 3.3%; oil consumption 
1.2%; natural gas consumption decreased by 0.8%. While nuclear energy use 
decreased by 0.3% in 2018, hydroelectric use increased by 15.7%. Again, while the 
consumption of ecological energy resources that have tended to increase as from 
1989 increased by 4.8% in 2018, consumption of the same resources increased by 
12.8% in the period of 2007–2017. The course of CO2 emissions in member coun-
tries in 2018 and the period of 2007–2017 respectively are −2.0% and −1.7% 
(Graph 14.1).

European countries have consumed less energy in comparison to 10 years before 
because of the increase in energy efficiency. There is less need for fossil fuels 
because of energy saving and ecological energy generation quicker than expected. 
Some of the sectors and countries take the lead for clean energy. However, although 
the share of energy in the energy sector is continuously falling, fossil fuels still 
constitute the major weight of the energy used (Arkins 2017; Topçu 2018). With 
reference to 2019 calendar year estimations, energy need of Europe is met by non-
renewable energy resources between 1st January and 4th September; ecological 
energy resources will met the same need as from 4th September (European 
Bioenergy Day 2019). The number of day’s calculation shows that nonrenewable 
energy is used approximately two times more than ecological energy.

Energy dependence ratio that shows to what extent an economy hinges upon 
import to meet the energy demand was 54% in EU countries in 2016 (Eurostat 
2018). Thus, net imports in energy equate to slightly more than half of gross domes-
tic energy consumption. None of the European countries become self-sufficient 
relating to energy need; there is a dependence on external resources.

As is seen in Graph 14.2, energy resources generation increases most among 
energy resources both in the EU and across the world in 1990–2018. Nuclear energy 
among energy resources production is in the first place in the EU; about the world, 
oil is the first place. Natural gas energy has the lowest production rates in member 
countries; ecological energy has the lowest production rates in other world countries.
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Fig. 14.5 CO2 Emissions by Sector for Selected Regions, 2016. (IEA 2019)
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Graph 14.1 Tendency of Energy Resources Consumption in EU-28 and the World, 1990–2018. 
(Eurostat 2019)
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Graph 14.2 Tendency of Energy Resources Generation in EU-28 and the World, 1990–2018. 
(Eurostat 2019)

14 Climate Change and Energy Policies: European Union-Scale Approach to a Global…



306

4  Energy Policies of European Union

The most important international reaction relating to reduce or keep a certain level 
the anthropogenic GHG emissions because of their negative effects on global cli-
mate change is the United Nations Framework Convention on Climate Change 
(UNFCCC) one of the outcomes of the United Nations Conference on Environment 
and Development held in Rio in 1992 (Türkeş and Kılıç 2004). The main purpose of 
the Convention is defined as, stopping the greenhouse gas accumulations in the 
atmosphere at a level that prevents dangerous human-induced effects on the climate 
system. The main obligation of the EU in the contract is to keep the emission 
amounts up to 2000 levels individually or jointly until 1990. EU has also reached an 
earlier and stronger position in international efforts by adopting an emission goal in 
itself via CO2 emission goal in Luxembourg Environment and Energy Council in 
1990 before UNFCCC.

Kyoto Protocol was accepted in 1997 to specify the actions after 2000 to 
strengthen the liabilities of Appendix 1 Parties according to thoughts of member 
countries about the insufficiency of UNFCCC about reducing GHG emissions 
(Türkeş and Kılıç 2004; Adıgüzel 2018). EU has adopted Kyoto goals to balance the 
greenhouse gas emissions and made the most developed emission buying and sell-
ing plan. Moreover, an instruction about ecological energy was prepared at the same 
time. These initiatives have brought big challenges to the energy sector of Europe. 
Related difficulties are as follows (Helm 2005):

• Although the insufficiency of Kyoto goals, the general run of the countries can-
not reach related goals when the rate of increase of global warming tendencies 
are considered,

• Electrical gadgets are generally based on fossil fuels; many of machinery and 
equipment are old,

• Being more expensive the ecological technologies in comparison to fossil fuels 
increases the pressure on competitive capacity,

• Expiry of first generation nuclear power plants requires new investment areas in 
some countries.

EU leads for emission trade at the regional scale by focusing on the market- 
driven solution to meet the goals of the Kyoto Protocol by a minimum cost. For this 
purpose, the EU Emissions Trading Scheme (EU ETS) was established in 2005 and 
put into practice. The biggest carbon market of the world was established by the 
participation of three member countries (Iceland, Liechtenstein, and Norway) of the 
European Economic Area in addition to 28 countries of EU. EU ETS is for compa-
nies in the system to reduce their emissions in a flexible and low-cost. The Trading 
system is the main policy about reaching targets to reduce GHG emissions under 
2030 frame within the scope of climate and energy policies of European Commission 
(Goodwin et al. 2018; Bel and Joseph 2018).

Issues of environment and energy are discussed together in the EU. There is an 
authority sharing between member countries and unity in related fields. European 
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Commission was entitled to conduct climate change negotiations within powers and 
limitations on behalf of the member countries by the Lisbon Treaty in 2007. 
International climate change contracts become a part of the judicial system of UE 
following signatures. EU institutions control the applications of member countries; 
this is one of the developments which contribute to the leadership of the EU about 
climate change. There is a European Commission that follows and reports the appli-
cations in member countries according to the declarations of member countries 
within EU system; there also is EU International Court of Justice that has the author-
ity to rule against member countries (Erdoğan 2018).

EU made a commitment to decreasing emissions by 8% in comparison to the 
1990 level within the scope of the Kyoto Protocol in the period of 2008–2012 
(Erdoğan 2018). While it improved its position in international negotiations after 
protocol, there was adopted a series of a new policy initiative to consider. New 
policy initiatives include following items; longer-term carbon agreements; integra-
tion of road, air and railroad transportation into the emission trade plan; developing 
suggestions for other countries which are not member of the union as a part of 
negotiations after Kyoto; using clean development mechanisms and common appli-
cations on a large scale (Helm 2005).

Almost all the EU countries followed policies toward increasing ecological 
energy investments to develop ecological energy resources. These policies were 
organized within the frame of EU ecological energy instruction; there has generally 
been focused on wind energy. Scope of ecological energy resources was enlarged; it 
was also argued about how ecological energy liability and EU ETS can be banded 
together to provide carbon reduction results. Scale economies have been considered 
for some of the large-scaled technologies (coal, hydrogen, nuclear, etc.) toward col-
laboration in Research and Development (R&D) surveys. EU maintains its R&D 
activities in line with various directives to increase, diversify and use ecological 
energy resources in more sectors. Required investments have continuously been 
made for R&D activities; there is prepared a technological infrastructure at the same 
time (Helm 2005; EEA 2018; Adıgüzel 2018).

EU aims to proceed to an economy with lower carbon within the scope of climate 
change and clean and efficient energy use by the initiative of Resource Efficient 
Europe. It is decided in Union that framework conditions need to be improved to 
ideally use financial instruments (structural funds, community programs, etc.) and 
market-based instruments (emission trading, energy taxation, etc.) at Union level 
(Akbaş and Apar 2010).

Energy has become a policy priority of Europe in time. There are goals that are 
also called as 20-20-20 in struggling with climate change in the Europe 2020 strat-
egy that was adopted in 2010. Europe 2020 strategy aims member country econo-
mies to achieve an intelligent, sustainable, environmentalist and inclusive growth 
(Topçu 2018). The document emphasizes generalizing eco-friendly ecological 
energy resources besides minimizing GHG emissions. It is emphasized on achiev-
ing more effective use of energy resources due to new technologies (EEA 2018; 
Erdoğan 2018). Climate and energy goals for 2020 are as follows; reducing GHG 
emissions at least by 20% and 30% when the circumstances allow; increasing the 
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share of ecological energy in energy consumption to 20%; providing energy effi-
ciency by 20% (Topçu 2018). One of the five developmental areas among the targets 
of Europe 2020 strategy is the energy. Besides the specific goals of Europe 2020 
energy strategy, extra interests have been discussed by the European Commission. 
Related policies include the issues below (EEA 2019; Adıgüzel 2018):

• Increasing energy supply security: EU energy supply security policy aims to 
protect from each kind of risks that can threaten both economy and social wel-
fare order. It is aimed in parallel with this purpose to minimize the energy prob-
lem in the short terms and completely remove the related problem in the 
long term.

• Providing economic usability of energy and competitiveness of European econ-
omy: A competitive energy sector policy is essential in terms of increasing the 
social welfare level; increasing competitive capacity in production by reducing 
the energy costs; procuring energy by getting more efficiency with low cost.

• Encouraging to develop a competitive energy domestic market: Energy domestic 
market was founded by the European Coal and Steel Community Agreement. It 
was aimed for member countries to liberalize and enter into rivalry in some of the 
energy sectors by the energy directives that were published in the 1990s. It was 
decided to establish a single market especially in electricity and natural gas sec-
tors. However, there were difficulties because of the problems of some of the 
companies during the adaptation process to energy prices. Besides, member 
countries have also problems in the phase of the implementation of energy prices.

• Determining minimum energy taxation levels: Especially the electricity and nat-
ural gas prices in the EU continuously increase in EU. There was seen about 4% 
increase in electricity prices for households in the period between 2008 and 
2012. This increase reflected the economic units of the market in the supply and 
demand side as a tax boost. However, there has been incrementally shown 
decreases in electricity prices after 2012. Similarly, natural gas prices that tended 
to increase till 2015 have been in the tendency to decrease in the later process. 
The key reason for this circumstance is the increasing directional share of eco-
logical energy resources within the total energy resources. Increasing the pro-
duction of ecological energy resources causes prices to decrease; this issue 
decreases the effective rates of tax at the same time.

Another energy policy of the EU is to create a common market for the member 
countries which are geographically at different locations; expansion movement 
serves this purpose. Strategic activities that toward restricting energy import in the 
long term via creating an energy policy which is interdependent in it but indepen-
dent from outside are among the targeted policies. In addition to all these, member 
countries follow policies to strengthen relationships by means of making exceptions 
for other countries. Energy policies are always built on sustainable growth targets. 
These targets are endeavored to be kept up-to-date by adapting to present condi-
tions. By this means, it is tried to provide quality living standards for EU citizens in 
economic, social and cultural areas (Adıgüzel 2018; Topçu 2018).
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Energy and environment indicators in EU are evaluated around six policy ques-
tions below (EEA 2019):

 1. Has energy generation and consumption a decreasing effect on environmental 
pollution?

 2. Does energy consumption decrease?
 3. How fast is energy efficiency increasing?
 4. Does less polluting fuel replace more harmful fuel?
 5. How fast are ecological energy technologies applied?
 6. How well are environmental costs included in the pricing system?

Related indicators play significant roles in reporting about greenhouse gas emis-
sions and estimations in Europe according to the Kyoto protocol. This same signifi-
cant role is also seen in preparing EU greenhouse inventory report for the United 
Nations Framework Convention on Climate Change.

Contracting countries of Warsaw Conference in 2013 were invited to submit 
Intended Nationally Determined Contribution; many countries informed their com-
mitment. Within this framework, the EU promised a hard target of decreasing GHG 
emissions by at least 40% in comparison to the level in 1990 till 2030 (Topçu 2018).

Another remarkable step is the Paris Agreement in 2015. The chief goal of the 
agreement is to keep the global temperature rise under 2 °C in the twenty-first cen-
tury and also offer resistance to climate change threat by making effort towards 
limiting temperature rise up to 1.5 °C (UNFCCC 2019).

Meaning of this target is a world in which countries dispense with oil and natural 
gas and start to use ecological energy while there is a use for fossil fuels by more 
than 80% by the moment (Karakaya 2016). Actualizing 2030 climate and energy 
goals of the Paris Agreement and EU so as to be in accord with Energy Association 
shows us energy supply solutions and fundamental changes in fossil fuels use that 
is the primary source of GHG emissions will be changeable (Goodwin et al. 2018).

Applications in the energy field within the borders of EU are performed by deci-
sion maker mechanisms at the level of conformity to common interests. Council of 
Europe makes decisions by determining policies toward supporting common inter-
ests by meeting at regular intervals.

Decisions in those meetings are expressed to member countries via directives. 
Developed policies provide energy need to be met; regional sectors that have strate-
gically importance in terms of energy can remain on the market and compete with 
foreign countries due to these policies. Association head towards to make agree-
ments for global competition. Protocols are brought into force to effectively use 
quality, sustainable and eco-friendly energy resources. Factors toward increasing 
energy supply security, energy generation, distribution, and consumption are con-
sidered in related agreements.
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5  Empirical Analysis

The goal of this research was to analyze the relationship between climate change 
and energy resources within the scope of member countries of Europe for the period 
between 1990 and 2018.

5.1  Materials and Method

Relationships between variables belong to energy resource parameters and CO2 
emissions belong to climate change parameter were analyzed statics panel data 
method and Root Mean Square Error (RMSE) methodologies. Internal vectors 
belong to datasets that are established to determine explanatory parameters belong 
to the energy consumption of climate change are as follows:

 
CO coal gas oil renw2 = ( ), , ,

 
(14.1)

CO2 variable contained in Vector (1) shows carbon dioxide emission (mtCO2); coal 
variable, coal consumption (mtoe); gas variable, natural gas consumption (mtoe); 
oil variable, oil consumption (mtoe); renw variable represents hydroelectric, wind, 
geothermal, solar, biomass and biofuel energy consumption (mtoe). Vector (1) is 
established for statics panel data model as follows:

 CO coal gas oil renwit it i it it it it2 1 2 3 4= + + + + +α β β β β µt  (14.2)

αit, in model is constant parameter; β1, β2veβ3, shows slope parameter; μit is the error 
term. The sub-symbol i, means the number of units selected from 14 countries that 
are members of the European Union1; t is the time interval of 1990–2018. All the 
variables given were modeled in logarithmic form structure (Table 14.2).

 
CO coal gas oil nuc hyd wnd geo sol bio2 = ( ), , , , , , , ,

 
(14.3)

CO2 variable contained in Vector (3) explains carbon dioxide emissions (mtCO2); 
coal variable, coal consumption (mtoe); gas variable, natural gas consumption 
(mtoe); oil variable, oil consumption; nuc variable, nuclear energy consumption; 
hyd variable, hydroelectric energy consumption (mtoe); wnd variable, wind energy 
consumption (mtoe); geo variable, geothermal energy consumption (mtoe); sol vari-
able, solar power consumption; bio variable, biomass energy consumption. Vector 
(3) is established for time series model in 28 EU member countries integrated sam-
ple as follows:

1 The panel data analysis was carried out in Belgium, Denmark, Finland, France, Germany, Greece, 
Hungary, Italy, Luxembourg, the Netherlands, Poland, Spain, Sweden and the UK sample set from 
EU member countries due to data limitation.
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CO coal gas oil nuc hyd

wnd geo
t t t t t t t

t t

2 1 2 3 4 5

6 7

= + + + + +
+ + +
α β β β β β
β β ββ β µ8 9sol biot t t+ +  

(14.4)

αt, in model shows constant parameter; β1, β2, β3, β4, β5, β6, β7, β8veβ9 explains slope 
parameter; μt, represents error term; sub-symbol shows the time interval of 
1990–2018. All the variables given were included in model by natural form struc-
tures (Table 14.3).

All the data in the analysis were reached by the world energy statistics reviews 
website. As is seen in Graph 14.3 that shows the change of time path of series, 
demand for ecological energy resources have increased in recent years.

Table 14.2 Descriptive statistics belong to variables in vector (1)

Variable Mean Std. Dev. Min Max Observations

lnCO2 Overall 4.969674 1.161452 2.082592 6.910809 N = 406
Between 1.197312 2.354203 6.725748 n = 14
Within .1205228 4.558136 5.359514 T = 29

lncoal Overall 2.074261 1.573971 −3.180189 4.879233 N = 406
Between 1.576451 −2.038161 4.449301 n = 14
Within .4049714 .5721997 4.208096 T = 29

lngas Overall 2.250785 1.653274 −3.126442 4.473851 N = 406
Between 1.637384 −.2540244 4.267764 n = 14
Within .4874864 −.8704506 3.678033 T = 29

lnoil Overall 3.284635 1.111347 .4974198 4.960708 N = 406
Between 1.143824 .9209949 4.851626 n = 14
Within .1311931 2.829916 3.67616 T = 29

lnrenw Overall .851439 1.934468 −4.070315 3.934934 N = 406
Between 1.819971 −3.120948 2.863918 n = 14
Within .8117084 −1.156319 3.469181 T = 29

Table 14.3 Descriptive statistics belong to variables in vector (3)

Variable Mean Std. Dev. Min Max Observations

CO2 3991.205 279.3114 3458.022 4353.423 29
coal 320.4926 55.24047 222.3673 455.2439 29
gas 383.4858 46.93309 297.7198 448.2392 29
oil 696.0212 40.82710 616.2603 748.6718 29
nuc 205.0312 13.90354 179.8376 228.2815 29
hyd 75.51248 5.362622 65.60230 85.93772 29
wnd 24.37506 27.16986 0.176372 85.70727 29
geo 1.137798 0.253306 0.721139 1.502381 29
sol 6.408901 10.13096 0.002602 28.90683 29
bio 18.31528 14.10037 3.329364 43.55793 29
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5.2  Findings

Preference procedures for panel data estimators are determined by the test findings 
based on the classical model, fixed-effects and random-effects models (Table 14.4).

F test findings in model based on fixed effects estimator and F statistics with (13, 
388) degree of freedom and probability value which show that significance of panel 
unit effects is tested by composite hypothesis prove us there are unit effects. For LR 
test statistics, unit effects are valid in the model; thus, the classical model is not 
proper as of the moment. LR ratio test findings mean there is no time effect. 
Moreover, Score test that is derived from LR ratio test and suggested due to stronger 
small sample characteristics was performed. With reference to the findings, the clas-
sical model is not proper because of the presence of unit effects when LR test is 
supported. Results that are obtained by LM test do not reflect the truth in case of the 
model has autocorrelation problem. This is because ALM test that gives reliable 
results of autocorrelation was performed instead of LM test. Findings show us 
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Graph 14.3 Time Path Change of Series

Table 14.4 Tests used to decide among estimators

Tests Statistical values

F_stat. F(13, 388) = 95.46 Prob > F = 0.0000
LR test LR_unit effect x2 (01) = 473.78 Prob > = x2 = 0.000

LR_time effect x2 (01) = 0.00 Prob > = x2 = 1.000
LR_unit-time x2 (2) = 474.70 Prob > = x2 = 0.000

Score test x2 (01) = 473.78 Prob > = x2 = 0.000
ALM test ALM_one sided = 35.99 Prob > N (0,1) = 0.000

ALM_two sided = 1295.03 Prob > x2 (1) = 0.000
Wooldridge test F (1, 13) = 32.666 Prob > F = 0.0001
Hausman test x2 (4) = 60.45 Prob > x2 = 0.000
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one- way test statistics comply with standard normal distribution. It is seen when 
one- way and two-way test findings are reviewed together that unit effect is accepted; 
classical model is inappropriate. Wooldridge test surveys autocorrelation problem 
besides unit effects. For F statistics and probability value, there are first order auto-
correlation and unit effects in model. Accordingly, it is expressed by denying H0 
hypothesis that classical model is inappropriate.

For findings of F, LR, Score, ALM and Wooldridge test findings for the classical 
model, the classical model is inappropriate for estimator preference that is used for 
analysis.

Findings belong to Hausman test statistics show that assumptions of random 
effects model are not met. The rejection of the H0 hypothesis reveals that random 
effects estimator is not consistent and unbiased; estimation process needs to con-
tinue by fixed effects model.

Table 14.5 explains the test findings belong heteroscedasticity, autocorrelation 
and cross-sectional dependence that was conducted to determine the efficiency of 
one-way fixed effects model.

With reference to the findings, there are heteroscedasticity and first-order auto-
correlation problems based on units in the model; remains between cross-section 
units are in correlation with each other. Table 14.6 shows the findings belong to 
Driscoll-Kraay estimator that is used to correct deviations of assumption to remove 
the problems.

Findings which reflect fixed effects model prove us F statistics from descriptive 
statistics is significant as a whole in 95% confidence interval. For determination 
coefficient intragroup R2 value, independent variables in model explain almost 67% 
of variability in CO2 emissions.

With reference to t statistics value and 0.01 significance levels, effects of coal, 
natural gas, oil and ecological energy resources consumption on CO2 emissions are 
statistically significant.

For findings that were obtained under statistical significance for variables in 
Vector (2), below equation can be founded;

 CO coal gas oil renwit it it it it2 0 1173 0 0600 0 5446 0 0443= + + −. . . .  

It is seen when the equation that is obtained by the coefficient tale that shows esti-
mation results belong to the model that coal, natural gas, and oil consumption 

Table 14.5 Test findings of assumptions belong to the fixed effects model with unit effect

Assumptions Tests Statistical values

Heteroscedasticity Wald test x2(14) = 5113.23
Prob > x2 = 0.0000

Autocorrelation Bhargava 
et al.
Baltagi-Wu

DW = .1991
LBI = .3347

Cross- sectional 
dependence

Frees’ test CD_stat. = 3.463
(alpha = 0.10: 0.0892; alpha = 0.05: 0.1160; 
alpha = 0.01: 0.1660)
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increase CO2 emissions; ecological energy consumption decreases CO2 emissions. 
Hereunder, while coal, natural gas and oil consumption increase by 1%, CO2 emis-
sions respectively increase by 0.12%, 0.06% ve 0.54%. A 1% increase in ecological 
energy consumption decreases CO2 emissions by 0.04%.

Root Mean Square Error (RMSE) method is generally used in climatology, esti-
mation and regression analyses to confirm results based on an experiment. Therefore, 
the RMSE method was applied to compare the results of statics panel data analysis.

RMSE method is the standard deviation of estimation remains. Related remains 
reveal the distance between data point or points and regression. RMSE gives circu-
lation of related remains; it also shows how much data is concentrated around the 
most appropriate line (Barnston 1992):

 
RMSE f o= −( )2

 
(14.5)

f notation in formula shows estimation values; o notation explains values observed; 
the symbol on square differences describes the average (f − o)2.

Below equation is seen when RMSE is expressed by a different formula:

Table 14.6 Correcting deviations by assumptions for fixed effects model with unit effect

lnCO2 Coefficients Drisc/Kraay Std. Err. t (|P > t|) [95% Conf. Interval]

Lncoal .1173096 .0169725 6.91 (0. 000) .0806427 .1539766
Lngas .0600236 .011523 5.21 (0.000) .0351297 .0849175
Lnoil .5445692 .0508253 10.71 (0.000) .4347678 .6543707
Lnrenw −.0442938 .0071047 −6.23 (0.000) −.0596426 −.028945
C 2.840245 .1889616 15.03 (0.000) 2.432019 3.248472
id_2 −.0974457 .0387197 −2.52 (0.012) −.1735724 −.0213189
id_3 −.0581547 .0364097 −1.60 (0.111) −.1297397 .0134303
id_4 .4055302 .0420833 9.64 (0.000) .3227904 .4882701
id_5 .7856545 .0609222 12.90 (0.000) .6658756 .9054335
id_6 .0733027 .0291277 2.52 (0.012) .0160348 .1305706
id_7 −.0960718 .0462003 −2.08 (0.038) −.1869061 −.0052375
id_8 .5391457 .0399267 13.50 (0.000) .460646 .6176454
id_9 −.6665905 .0919024 −7.25 (0.000) −.8472794 −.4859015
id_10 .251085 .0218297 11.50 (0.000) .2081657 .2940043
id_11 .8283758 .0323014 25.65 (0.000) .7648681 .8918835
id_12 .37147 .0369635 10.05 (0.000) .2987961 .4441439
id_13 −.0981414 .035929 −2.73 (0.007) −.1687814 −.0275014
id_14 .6303309 .0428833 14.70 (0.000) .5460181 .7146436
Diagnostic statistics

F _ stat (4, 13) = 40.90 Prob > F = 0.000
withinR2= 0.6717
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∑= total in equation explains (zfi − zoi) sup  > 2=differences; squares and N= sam-
ple size.

Based on size of data,

 
RMSE r SDs

y= −1
 

(14.7)

SDy, is standard deviation of Y.
RMSE inputs have a linear relationship with correlation coefficient when stan-

dard observations and estimations. RMSE value is between0 and∞. The value that 
closes to 0 means those estimators has better performance.

Effects of nonrenewable and ecological energy resources on CO2 emissions were 
reviewed in the analysis that was conducted for the time interval of 1990–2018 in 
EU-28 sample. Graph 14.4 show the findings.

Graph 14.4 shows that the lowest RMSE ratio for CO2 emissions and input 
parameters belong to energy resources is in geothermal energy variable. The related 
finding explains to us geothermal energy has the maximum effect on CO2 emis-
sions; the variable that has the lowest effect is oil energy consumption.

For RMSE values in Table 14.7; the alignment from high too low for energy 
variables that affect CO2 emissions is geothermal, solar, biomass, wind, hydroelec-
tric, nuclear, coal, natural gas, and oil energy resource consumption. Within the 
context, it is seen that ecological energy use on climate change delivers better per-
formance on climate change. Thus, it can be deduced that there is a need to concen-
trate on ecological energy resources consumption in struggling with climate change.
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Graph 14.4 Effects of Energy Resources on CO2 Emissions
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6  Solutions and Recommendations

Historical experiences represent those solutions toward climate policies are formu-
lated based on short or long-termed perspectives. With reference to the available 
technological, institutional and behavioral patterns change in energy systems hang 
on. Thereby, climate strategies and policies are obliged to look at future centuries 
about the transformation of the energy sector (Fouquet 2016).

The truth of the modern day there is a revolution that transformed the global 
energy sector. This is because adopting a multidisciplinary and holistic approach 
with natural and social sciences besides economy and investment theories is impor-
tant in terms of determining, developing and applying distribution strategies. This 
revolution is not only a technological process but also a social and political process 
in which technology is a determinant. Therefore, the needs and demands of society 
should be considered besides providing support of different stakeholders for transi-
tion stages to nonrenewable energy resources to ecological energy resources to be 
effective. In addition to international agreements, it is obligatory to consider small 
and large scale infrastructure projects which support the transition stage. A strong 
legal framework at both international and national scale should be established to 
guide investors and minimize the risks.

A more multidisciplinary approach is at the center of sustainable development 
activities. Policymakers ought consistently to follow parallel objectives of protect-
ing the natural environment and minimizing or removing climate change. There is a 
need for extensive active participation at both the national and international level. 
Energy policies should focus on minimizing climate change that is one of the most 
urgent problems of the modern world; solve water scarcity; protecting food chains 
from deterioration; avoiding the collapse of political corporations.

Bioenergetics is the only energy resource that can provide three main energy 
resources as bio-warming/cooling, bio-power, and bio-fuel which both households 
and companies need. Increasing bioenergy generation is a remarkable point based 
on the thought that bioenergy is more than an ecological energy resource.

Many factors need to change in struggling with climate change. This circum-
stance provides to be used this point of investment cycle to make an investment in 
resources except for carbon. In conclusion, climate change problem needs to be met 
with big and new investments. Furthermore, it ought to be provided effects of mod-
eling skills of several results including climate change on the European energy mar-
ket to develop at EU level. Energy policies need to be modernized and kept 
up-to-date to get better results about passing to the European economy with lower 
carbon and minimizing supply security arising from external dependence; avoiding 
possible oil shocks.

Table 14.7 RMSE values belong to relationship between energy resources and CO2 emissions

Output 
-CO2

Input1- 
coal

Input2- 
gas

Input3- 
oil

Input4- 
nuc

Input5- 
hyd

Input6- 
wnd

Input7- 
geo

Input8- 
sol

Input9- 
bio

RMSE 0.0805 0.0974 0.1747 0.0516 0.0192 0.0101 0.0003 0.0033 0.0063
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Integrating energy infrastructure into other infrastructure services via long 
termed plans and also completing proper investment incentives is another policy 
proposal (Helm 2005). There is a need for reforms in regulatory rules and market 
conditions with competition policy to ease long termed contracts and encourage 
investments. Moreover, it should be endeavored to establish gas security and storage 
regimes at the regional level; deepen and enlarge EU ETS; consider long termed 
carbon contracts; ease information interchange relating to following capacity plans; 
focus on issues like coordination of supply security.

The 2030 year climate and energy goals of the Paris Agreement and EU neces-
sitate fundamental changes in the use of fossil fuel that is the primary source of 
GHG emissions which cause climate change (Goodwin et al. 2018). This is because 
changeable energy supply solutions need to be sought. Big investments should be 
made in new energy infrastructures, systems and supply chains for laying founda-
tions for a more sustainable future for the next generations. It is accepted as the best 
choice for the EU to maintain its leadership role by more prime targets.

7  Conclusion

Statics panel data analysis and Root Mean Square Error methodology were fol-
lowed to monitor the effectiveness of energy policies that are applied in struggling 
with climate change by the EU for the period between 1990 and 2018. Variables of 
oil, natural gas, coal, nuclear power, hydro-electric power, wind energy, geothermal 
energy, biomass energy and CO2 emissions which have the biggest effect on climate 
change were used in parallel with this purpose.

It is concluded in line with the fixed effects model with the unit effect that coal, 
natural gas, and oil consumption increase CO2 emissions; ecological energy con-
sumption decreases CO2 emissions. The variable that has the biggest effect on CO2 
emissions is oil consumption. For RMSE findings, the variable that has the highest 
impact on CO2 emissions is geothermal energy consumption; however, the variable 
that has the lowest impact on CO2 emissions is oil energy consumption.
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Chapter 15
Conclusions and Future Research

Muhammad Asif

Abstract The energy and environmental landscapes of the world are experiencing 
rapid changes on multiple fronts. While a significant proportion of the global popu-
lation continues to suffer when it comes to the broader aspects of energy security, 
climate change is also posing serious threats to large segments of population across 
the world. The primary sufferers from both the energy and environmental problems, 
however, are those who are at the lower end of the economic bracket. Energy, envi-
ronment and economy are therefore interwoven areas  – the  rich and developed 
nations are typically well placed when it comes to energy prosperity and environ-
mental wellbeing while it is the other way round for the poor and developing coun-
tries where many still lack access to refined forms of energy. Meaningful global 
efforts led by the developed and rich nations are needed to help address the energy 
and environmental problems in the world.

Keywords Energy · Environment · Economy · Climate change · Renewables · 
Sustainability

1  Introduction

Energy, environment and economy are three distinctive yet interwoven areas. The 
book has tried to advance the understanding on the dynamics of the energy- 
environment- economy triangle. The contributed chapters have been organized 
under three themes: (i) dynamics of energy and economy, (ii) dynamics of energy 
and environment, and (iii) dynamics of energy policy and climate change. Important 
conclusions that can be drawn from the chapters are reflected as followings.
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2  Climate Change in Focus

The year 2020 dawns with climate abnormalities around the world. While Australia 
recorded all time high temperatures twice in December 2019, Russia experiences 
the mildest month since 1886 and the Indian subcontinent records the coldest day in 
over a century. Bushfires in Australia started in September 2019 continue to rage 
through February 2020, killing 33 people and burning 110,000 km2, adding to the 
catalogue of record bushfires in other parts of the world. Extreme bushfires are now 
being widely tipped to be a new normal as experts predict more fires and higher 
degrees of devastation as each fire season comes (Horton 2020; Peischel 2020). 
According to the US National Aeronautics and Space Administration (NASA), 
2014–2018 have been the hottest 5 years on record (NASA 2018). With the average 
atmospheric temperature in 2018 recorded to be 0.83 °C warmer than the 1951–1980 
mean, almost 400 all-time high temperatures were reportedly set in the northern 
hemisphere over the 2019 summer (Stylianou and Guibourg 2019).

Global warming is being widely acknowledged as arguably the biggest challenge 
faced by mankind. The latest reports by the UN Intergovernmental Panel on Climate 
Change (IPCC) suggest that the human-induced warming of the atmosphere has 
reached approximately 1 °C above the pre-industrial levels in 2017, increasing at 
0.2 °C per decade (IPCC 2019). Forecasts suggest that unless a serious collective 
effort is made at the global level, the average atmospheric temperature is expected 
to further rise by as much as 6 °C by the end of this century (Ghosh 2012). The rise 
in sea level due to the melting of glaciers is one of the most prominent implications 
of global warming. Estimates suggest that Antarctica is now annually losing around 
160 billion tonnes of ice to the ocean, which is twice previous findings (McMillan 
et al. 2014). Climate change as a result of global warming is resulting into wide 
ranging problems such as seasonal disorder, a pattern of intense and more frequent 
weather related events such as floods, droughts, storms, heat waves and wild fires. 
It has been reported that since the advent of the twentieth century natural disasters 
such as floods, storms, earthquakes and bushfires have resulted in an estimated loss 
of nearly 8 million lives and over $7 trillion of economic loss (KIT 2016; Amos 
2016). Future projections suggest that by the year 2060 more than 1 billion people 
around the world might be living in areas at risk of devastating flooding due to cli-
mate change (McMillan et al. 2014). Majority of the affected will be from develop-
ing countries with limited resources to mitigate the challenges and to rebuild their 
lives after extreme environmental events.

Through the Paris Agreement signed in 2016, 196 countries have adopted the 
first-ever universally legally binding global climate deal to avoid dangerous climate 
change by limiting global warming to well below 2 °C. A recent Intergovernmental 
Panel on Climate Change (IPCC) report, however, has warned that the world is seri-
ously overshooting this target, heading instead towards a higher temperature rise. It 
concludes that there is need for major changes in the  four big global systems: 
energy, land use, cities and industry. The report warns that to limit warming to 
1.5 °C, world needs to invest around $2.4 trillion in renewable and energy efficiency 
initiatives every year through 2035 (IPCC 2018; Landberg 2018).
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Climate change is truly a global issue in its very nature. It will affect all coun-
tries, though the poorest countries will suffer the earliest and the most (Stern 2007). 
Ironically, the poor and developing countries, despite having a marginal contribu-
tion towards the greenhouse gas emissions, are mainly at the suffering end when it 
comes to the implications of climate change. Low-lying island nations are particu-
larly facing serious challenges form the rising sea level. The grave implications of 
global warming and climate change call for an urgent and paradigm shift in human 
activities and use of resources. The progress made in the world at national and inter-
national levels is falling short of what is needed to fight climate change. The major 
polluters and the developed industrialized countries need to share the due burden. 
On one hand they need to curb their emissions and on the other hand they need to 
support the developing countries that are suffering from climate change. The fight 
against climate is required to be embedded into the developmental policies across 
the world. There is need for greater seriousness and cooperation at the international 
level and more importantly words need to be matched by actions.

3  The New Energy Transition

Human dependence on energy is ever growing with all major sectors including 
industry, transport, household, agriculture, and trade and commerce becoming 
increasingly reliant on this vital commodity. Historically, biomass, mainly in the 
form of wood and agriculture waste, has served the mankind for thousands of years. 
Until the dawn of the industrial revolution in the eighteenth century, these biomass 
resources were sufficient to meet human energy needs, which were quite basic in 
nature. In the wake of the industrial revolution, as human creativity exceeded expec-
tations, producing more effective and efficient energy technologies based on coal 
and then on oil were needed. Gradually, over the next two centuries, the world 
moved from wood and coal fuels to oil and then to natural gas, with the exception 
of nuclear energy being used in the developed countries. This energy transition from 
wood to coal to oil to natural gas has been the different phases of traditional fos-
sil fuels.

With the advent of the twenty-first century the world faces a string of energy 
challenges including rapid growth in energy demand, depletion of fossil fuel 
reserves, volatile energy prices, geopolitical instability in and around the major fos-
sil fuel producing countries and greenhouse gas emissions. These challenges have 
prompted an unprecedented energy transition, which is much more diverse and 
vibrant compared to the earlier one. This energy transition is manifested by four 
major drives: decarbonization, distributed generation, smart grid and metering, and 
energy conservation. These strands are being deemed central to energy policies and 
frameworks across the world to pursue sustainable development. European Union’s 
20-20-20 directive is an interesting example in this respect which aimed to increase 
energy efficiency by 20%, reduce CO2 emissions by 20% and have renewables mak-
ing up 20% of supplies by 2020. Smart metering and smart grids are also reported 
to have an effect of up to 20% increase in energy efficiency (EP 2008).
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Decarbonization of the energy sector is being spearheaded by renewables. 
Renewable energy, with the exception of biomass, for its minimal Carbon dioxide 
(CO2) emissions during the operational phase, is regarded as environmentally clean 
and has become an integral part of the energy developments in almost every corner 
of the world. E-mobility is another important dimension of the decrbonization ini-
tiative as electric cars are being regarded as the future of automobile industry with 
increasing number of car makers committing to cease production of traditional 
engines, and cities around the world targeting to ban petrol and diesel vehicles. 
Decentralized generation also termed as distributed generation or on-site generation 
is being deemed as the way forward to offer customized and local energy solutions, 
also to help curb transmission and distribution investments and the involved energy 
losses. Distributed generation can also contribute to grid reliability and load man-
agement, besides offering economic and environmental benefits. The distributed 
generation concept, which goes hand-in-hand with renewables, is becoming increas-
ingly popular. USA, for example, has over 12 million distributed generation units 
accounting for almost one sixth of the country’s centralized power generation 
capacity. Energy sector has been proactive in embracing digital technologies. The 
future of energy sector is projected to have digital technologies making energy sys-
tems intelligent, efficient, reliable and more connected. Finally, reduction in energy 
use through energy conservation and management is critical to address energy chal-
lenges. Energy conservation has become a foundational block of energy policies 
across the world as it is recognized to be the easiest  and  the most cost effective 
solution to growing energy needs. A unit of energy saved is far better than a unit 
generated.

4  Renewable Energy: Coming of Age

Renewable energy is widely being appreciated as a promising solution to help 
address the global energy and environmental problems. Renewable resources – i.e. 
solar energy, wind power, hydropower and biomass – are abundant and inexhaust-
ible offering environmentally clean energy. Another major advantage renewables 
have in comparison to other types of energy resources is their vast distribution. 
Unlike fossil fuels, for example, renewable resources are widely distributed across 
the world. Almost every country has some form of renewable energy available 
within its own geographic borders thus offering a kind of energy freedom.

Over the last couple of decades renewable energy has made tremendous progress 
overtaking the supplies from fossil fuels and nuclear power both in terms of invest-
ment and capacity addition. The fast expansion of the renewable energy base has 
been mainly propelled by the success of solar energy and wind power. Factors like 
conducive policies, technological advancements and economy of scale have con-
tributed towards the accomplishments of renewable energy. The global renewable 
power capacity at the end of 2018 stood at 2,378GW. For the fourth year in a row, 
increment in the installed capacity of renewables has outpaced the net capacity 
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addition of fossil fuel and nuclear power combined. Solar photovoltaic (PV) is one 
of the most promising and fast growing renewable technologies, accounting for 
55% of the total renewable capacity addition. With 100GW of new capacity addi-
tion in 2018, its total installed capacity stood at 505GW at the end of the year (REN 
21 2019). China, Germany, Japan and the United states are leading the PV market 
in terms of installed capacity. In USA the distributed solar PV generation increased 
by 23%, while the total solar PV generation increased by 27% (USEER 2019).

The building sector, accounting for around 40% of world’s total consumption is 
an important stakeholder in the global energy scenario. Potential renewable tech-
nologies for application in buildings include solar PV, solar water heating, wind 
turbines, hydroelectric systems, and ground and air source heat pumps. Some of 
these technologies especially wind turbines and hydroelectric systems are heavily 
site dependent and are typically not applicable in urban environment. Solar PV 
offers great diversity in terms of scale and type of application. One of the most suc-
cessful applications of solar PV has been in buildings. Although the utility scale 
projects are constituting the larger share of the solar market in most part of the 
world, small scale applications are growing rapidly and are encouraged through 
incentives for the end users. For example, the share of installed rooftop PV is about 
60% of the total PV market in Germany, with 35% installed on small to medium 
residential and commercial buildings (BSW-Solar 2013). Small scale solar market 
in India has grown dramatically with a 90% compounded annual growth rate in 
recent years. Australia’s solar market has witnessed a significant increase in the 
number of small-scale solar projects as more than 1.51 million PV systems were 
installed by December, 2015. This represented about 16% of Australia’s renewable 
power generation and 2.4% of the total electricity produced in the country (Dehwah 
et al. 2018). In the USA, 64.4% of the PV projects are utility-scale facilities while 
residential and non-residential systems have respective share of 20.5% and 19.1% 
(USEER 2019).

5  The Energy-Environment-Economy Conundrum

Energy has become an imperative commodity in our lives. The significance of 
energy is ever growing in the existence and advancement of modern societies. In the 
present age, energy is closely coupled with economy as the two do hand-in-hand – 
economic activities in a society require use of energy. For its vital role, availability 
of energy is an indicator of socio-economic prosperity in a society. The traditional 
use of energy is also intrinsically linked with environment – use of every unit of 
energy simply has an associated environmental load. Energy, environment and 
economy are therefore extremely interwoven factors and the energy-environment- 
economy triangle is quite complex and dynamic in its very architecture.

Despite all the realization about the importance of energy in the socio-economic 
uplift and advancement of societies, the global energy landscape continues to face 
numerous challenges, above all, acute energy security issues facing billions of 
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people around the world. The nature of challenges for countries at different socio- 
economic and technological strata can hugely vary. While considerable segments of 
population in the developed countries continue to experience fuel poverty, electric-
ity deprivation remains a challenge for many in parts of Africa and Asia. Although 
globally there has been a significant improvement in recent years in terms of grid 
penetration with the number of people lacking access to grid falling below 1 billion, 
the quality of grid remains an issue for many in the developing countries. Issues like 
poor grid quality, power outages and breakdowns, planned load shedding and brown 
shedding are a regular phenomenon even in major cities. Lack of access to reliable 
and refined energy resources can also be gauged from the fact that around 2.3 bil-
lion people cook on inefficient raw biomass. The situation is even more alarming 
when energy security is looked from the 4As perspective: availability, adequacy, 
affordability and acceptability.

Environmental spill-overs from traditional energy systems is an issue needing 
urgent and meaningful attention. Though there has been a global drive to shift away 
from coal and oil based power generation, energy sector still remains to be one of 
the biggest contributors to the GHG emissions. Renewable energy is a big step for-
ward in addressing energy challenges and satisfying energy needs without damag-
ing the environment. Different types of renewable technologies especially solar PV 
and wind turbines have made significant inroads in the energy mix at national and 
international levels. Large scale deployment of renewable energy comes with its 
own set of challenges – it is capital intensive as well as it requires significant changes 
in the existing energy markets, institutions, infrastructure, and political and cultural 
practices. Although the cost trends in energy markets are favoring renewables with 
solar and wind power already becoming economically competitive in many places. 
The price of PV projects for example has experienced a dramatic fall in recent 
years – power purchase agreements have been signed at prices as low as US Cents 
2.34/kWh. Intermittency is, however, a major shortcoming of renewables like solar 
energy and wind power which can lead to grid integration issues with their increased 
penetration in the system.

6  Final Words

Different types of energy resources and their utilization have diverse range of asso-
ciated environmental impacts. Both energy and environment on the other hand have 
strong interaction with economy. The energy-environment-economy triangle has a 
complex relationship between the three elements, dictated by such a wide range of 
technological, economic, political and socio-cultural factors. Given the significant 
scientific and technological advancements on the front of energy technologies, 
diverse socio-economic patterns, changes in regional and global geopolitical land-
scapes, and stark climate change threats, this triangle is fast evolving, presenting 
new challenges and opportunities.
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Sustainable development requires energy and economic prosperity without hav-
ing implications on environment. A balanced progress on all of these three facets is 
an extremely complicated task. There are further dimensions under these three areas 
too. In the case of energy, for example, there are major differences between different 
types of resources and technologies, such as coal, oil, gas, electricity, and renew-
ables, in terms of policy and price influences. There is need for robust global gover-
nance on energy and climate change. Typically, governments have their political 
and economic comfort zones. While the energy sector lacks any universally accepted 
governance mechanism, the success of global governance towards climate change is 
also debatable as important major polluting nations have not meaningfully com-
plied. The US disengagement from the Paris Agreement is another example in this 
respect. Given the dynamic and complex architecture of the energy- environment- 
economy triangle, any cost effective solution to the energy and environmental prob-
lems would require extensive trade-offs.

While answering some questions the book is expected to have also triggered 
certain queries necessitating the need for further scholarship on the intriguing 
energy-environment-economy triangle. Given the technological advancements and 
policy evolution surrounding the energy and environmental scenarios impacting the 
socio-economics around the world, new sets of problems as well as solutions will 
continue to unfold in the years ahead. The ongoing energy transition manifested by 
decarbonization, decentralization and digitalization will be offering interesting ave-
nues to be explored.
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