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ABSTRACT

Energy is an important drive for the economic development and social growth. The energy demand has
remarkably escalated due to technological developments in various governmental, industrial, and municipal
activities. In light of such a fast growth, the fuel prices and control of greenhouse gas emission are the
leading driving forces for more effective enhancement in the utilization of renewable energy sources. This
reflects the importance of mitigation of global energy demands and climate change, which are the most
significant factors in the modern days. In this review paper, a detailed overview in the development and
evolution of renewable and sustainable energy supply is provided in terms of their types, characteristics
and applications, production processes, advantages, and disadvantages. Moreover, the impacts of the
renewable energies on health and environment, along with the relevant policies and regulations are
discussed. Further, there is a detailed focus on the emerging technologies, and theoretical and practical
challenges in the development of renewable energies are analyzed. Particularly, this review provides
information on renewable and sustainable energy status and prospects in North America. Central large-
scale technology and distributed configuration of the renewable energies might be improved in the North
American countries to effectively utilize the renewable energies to produce electricity, biomass-based fuels,
and heating in both local/rural and industrial divisions. In addition to employment opportunities stemmed
from manufacturing of the renewable energies, its significant impact on the economic development can be

enhanced in all three nations through development of the sources.
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NOMENCLATURES

List of Acronyms

AEM
AHP
AMS
AP
ARIMA
CEM
CHP
cop
CP
CSP
DOE
EGS
EIA
ELECTRE
EPA
FERC
FF

FIT
FLOWA
GA
GDP
GHG
GHP
GIS
IEA

anion-exchange membrane

analytical hierarchy process

automatic meteorological stations
artificial photosynthesis

autoregressive integrated moving average
cation-exchange membrane

combined heat and power

conference of parties

compromise programming
concentrated solar power

department of energy

enhanced geothermal system

energy information administration
elimination and choice translating reality
environment protection agency

federal energy regulatory commission
fossil fuel

feed-in tariff

fuzzy logic ordered weighted averaging
general assembly

gross domestic product

greenhouse gas

geothermal heat pump

geographical information system

international energy agency



IPCC
IRENA
LCOE
LEAP
LFR
MAUT
Mt
mtcd
mtoe
NARIS
NREL
OCED
OTEC
PCM
PD

PM
PROMETHEE
PT

PV

RE
REC
RFP
RPS
SENER
SMSE
SOP
ST
TOPSIS
TPEC
TPES
UN

international panel on climate change

international renewable energy agency

levelized cost of energy

long-range energy alternatives planning system

linear Fresnel reflector

multi-attribute utility theory

Million metric ton

million tonnes Carbon Dioxide

million tonnes oil-equivalent

North America renewable integration study

national renewable energy laboratory

organization for economic co-operation and development
ocean thermal energy conversion

phase change material

parabolic dish

particulate matter

preference ranking organization method for enrichment evaluation
parabolic trough

photovoltaic

renewable energy

renewable energy credit

request for proposal

renewable portfolio standard

secretariat of energy

surface meteorology and solar energy

standing offer program

solar tower

technique for order preference by similarity to ideal solutions
total primary energy consumption

total primary energy supply

united nations
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WHO world health organization

WPM weighted product method
WSM weighted sum method
WWS wind, water, and sunlight

1 INTRODUTION

Powering the planet Earth is one of the most challenging concerns in the 21% century and the energy demand
has emerged into diverse aspects of our lives including health, welfare, economy, and society. Therefore,
securing energy supply is of global importance. Yet, a considerable percentage of people are living in
rural areas without access to electricity [1]. Supplying energy demands is intensified by requirements on
reducing its the carbon footprint and cost. The negative climate impacts of fossil fuels (FFs), and the
growing energy needs make it imperative to find alternative sources of energy. Renewable energy (RE)
resources, including solar, wind, hydropower, ocean, geothermal, and bioenergy help to mitigate the
adverse effects of the FFs through providing source sustainability. The energy markets of the US, Canada,
and Mexico are becoming gradually independent while the physical infrastructure continues to be
established throughout North America. Geographical vicinity has resulted in some levels of market
integration. The geographical isolation of North America causes trade obstacles to the rest of the world for
energy commodities, such as electricity and natural gas, while the other energy commodities, such as
petroleum products and crude oil can be transported conveniently over water. Therefore, these three
countries can be seen as a single regional energy market with internal flows of commodity and external ties
to the rest of the world [2]. Energy Information Administration (EIA) reports the 2019 energy consumption
in North America for different energy types which includes 38240 PJ oil products, 18739 PJ natural gas,
16703 PJ electricity, 4464 PJ biofuels and waste, 857 PJ coal;, 356 PJ crude oil, 277 PJ heat, and 143 PJ

renewables [3].

The technological progress in the utilization of the RE will help sustainable development and contribute to
the rectifications of several energy-related environmental hurdles. Although the industrialized and
developed countries consume energy extensively, undeveloped and developing countries lack energy
security, which is a necessity for their development [4]. The worldwide energy consumptions in 2020 and
1990 were 13508 and 8556 million tonnes oil-equivalent (mtoe), respectively (1 mtoe = 11630 GWh). The
global energy consumption dropped 4% in 2020 due to the transport restriction and lockdown measures
(global pandemic of COVID-19) [5]. Coal is estimated to be potentially available for energy for 150 years,

while gas and oil supplies are predicted to remain for another 52 years [6], and no uranium will be remained
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in a few decades at the current energy consumption rate [4]. The rapid globalization rate has considerably
shortened the lifespan of these non-RE sources. The US Energy Information Administration (US EIA)
agency estimated a 28% increase in the global consumption of energy by year 2040. If the energy supply is
not provided from sustainable and clean RE resources, the predicted increase in energy demand can emit
significant greenhouse gases (GHGS), resulting in more climatic impacts [6]. Approximately, 75% of the
world’s energy consumption is in the cities, contributing to 70% of the global CO, emissions, which will
become worse considering urban population increase by a factor of two by 2050 [7]. Electricity generation
is a key source of air pollution by emitting SO,, NOx, and fine particulate matter (PM5s). In 2017, 29.5%
of the GHGs emissions in the US, an equivalent of 1.94 billion metric tons, was originated from the
electricity. In 2010, an extra death toll of 31,000 was attributed to the emissions originated from electricity
generation in the US [8]. Utilization of the RE resources for electricity generation could therefore be an
effective strategy to reduce the GHGs emission. According to the US EIA agency statistics, the RE
resources are growing very fast compared to other energy resources, and their consumption rate is expected
to boost by an annual average amount of 2.3% between 2015 and 2040 [9]. It is inevitable to think of
alternative energy supplies to avoid energy shortage in the future, and the question is that what energy
sources are more suitable for our societies [4]. The addition of world RE capacity in 2020 implies
remarkable drive for the transition of energy. In spite of economic slowdown due to COVID-19, more than
260 GW was added to the global RE, which is more than 50% expansion compared to 2019. In this aspect
of RE, North America total RE capacities were 389.6 GW and 421.7 GW, respectively [10]. To put it more
in detail, the installed capacity of different sources RE in North America in 2021 included 105.8 GW solar,
154.7GW Wind, 17.05 GW bioenergy, 175.3 GW hydropower, and 4.8 GW geothermal [11]. Energy saving
and environment protection have gained great interests, knowing that the FF resources are depleting, and
that the global warming is associated with carbon emissions to the atmosphere [12,13]. To address these
concerns, the first step is to decrease the dependency of global energy supply on FFs. This can be achieved
through enforcing energy savings plans and enhancing the energy efficiency in the industrial [14] and
regional [15] sectors to decrease the global energy demand. The other solution is to employ the RE sources
with massive production potential as stand-alone or hybrid systems [16]. For instance, bioenergy can be
adopted into available energy infrastructures. These RE sources reduce dependency on FFs and therefore,
decreased the GHG emissions [17,18]. Thus, electricity generation utilizing RE sources, such as solar, wind,
and geothermal, can lead to the reduction of GHG emissions. International Renewable Energy Agency
(IRENA) reports the electricity generation amounts in North America utilizing in 2019 from different
sources: 109 TWh solar, 348 TWh wind, 425 TWh bioenergy, 693 TWh hydropower, and 24 TWh
geothermal [11]. The increase in the world population intensifies challenges such as climate change and the

increased gap between the energy supply and demand, and depleting of the FF resources. It is implausible
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to accept cancelling the nuclear- and FF-sourced energy; however, phasing out the GHG emissions by the
midst of the 21% century, settled at Conference of the Parties (COP21) in Paris, obviously directs the way
to sustainability [19].

RE is emerged by using sustainable natural resources, including sunlight, wind, tides, geothermal, and
biomass [20]. The RE resources can potentially secure the energy supply to broader geographical areas
compared to the non-sustainable energy resources such as FFs or nuclear. Therefore, RE utilization can
secure energy supply for underdeveloped and developing countries, when the RE energy harvesting
technologies become economic. Optimal utilization of the diverse REs can lead to substantial energy
security and economic prospects [21]. The global demand for the clean energy has been continuously
increasing over the past decades to meet the fast pace of industrialization due to the unreliable fluctuations
in FF prices as well as their contributions to the climate change. Hence, the world community is paying
more attention to the clean energy resources including solar, hydropower, wind, ocean, geothermal
resources, biomass, biofuels, and hydrogen stemmed from the renewable resources for a global sustainable
development [22]. The international environmental policies, regulations, and mandates emphasize global
deployment of RE resources. Efficient management and utilization of the RE sources are identified as key
criteria for devising local, regional, and international policies to enhance the life quality, promote
sustainable development, and respond to environmental concerns. Extensive studies are conducted to
continuously improve the sustainable development, environmental conservation, and climate conditions
[23-25]. North America has some of the world’s richest solar, wind, hydro, geothermal, and biomass
resources [26]. Based on the North America Renewable Integration Study (NARIS), which particularly
focused on the significant role of cooperation throughout North America and among the region countries,
it was found out that how transmission can help share the supply and demand diversity across the continent.
One of the most important outcomes of the study is employing several approaches to reduce 80% carbon
reduction emitted by the power section in the continent by 2050. The reduction of cost is mostly affected
by the wind and solar energies cost compared to carbon policy measurements. The other outcome is
balancing the supply and demand of energy employing the advanced technologies. For instance, in the US
1200-2000 GW renewable energy can be utilized for the electricity production within 70-80 %. Also, in
Canada wing technologies, hydropower, and gas will be used for satisfying the resource adequacy.
Moreover, regional transmission expansion among the North American countries can lead to $180 in net
benefits. In addition, operational flexibility can be achieved through electricity storage, transmission, and
all generators flexible operation, including solar, wind, hydropower, and thermal generation. Hydropower
can provide capacity, flexibility, and zero-carbon source of energy to the grid. For example, running the

US and Canadian generators without being able to adjust the power output can cost $2.3 billion [27].
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US accommodates < 5% of the world’s population [35], while uses up to 25% of the world’s prime energy
supply [36]. W.ith regard to GHG emissions, the transportation sector produces the largest portion of
emission (27%), and the electricity generation has the second largest share of emission in 2020. Near 60%
of the electricity generation comes from FFs burning, particularly natural gas and coal [37]. The electricity
sector had the largest RE consumption in 2020 [38]. Based on EIA Annual Energy Outlook 2022, the share
of power production will increase form 21% in 2021 to 44% in 2050. This improvement in RE mostly
incorporates wind and solar. However, the hydropower contribution remains mostly constant through 2050
[39].

In this study, the main focus is on the REs development, production, consumption, and challenges in North
America. First, an introduction is given to the capabilities of the North American countries, containing the
US, Canada, and Mexico to produce the REs and the issues related to them. Presenting fundamental
characteristics of difference sources of REs is followed by their screening criteria and the advantages and
disadvantages of their employment. The critical impacts of the REs in terms of energy, health, and
environment are scrutinized, and the course of production and consumption of REs is illustrated. The
significance of the emerging technologies and the RE-related policies and regulations is described. Then,
the challenges in the development of the REs are presented, and main findings of this research are

summarized.

2 CHARACTERISTICS OF THE RENEWABLE ENERGY RESOURCES

Oil, natural gas, and coal are conventional energy resources that have contributed to economic progress.
However, as the primary energy consumption has been increasing, these non-sustainable energy resources
are depleting. Also, the FF recourses have environmental impacts. The RE global establishment is necessary
to achieve climatic targets and efficient delivery of energy in terms of cost, time, security, and reliability
[44].

Electricity, heating, and transportation are among fast growing RE markets in the last decade. Development
of RE technologies has resulted in reduced energy costs, and improved global acceptance. Table 1 gives
information on the global RE electricity production in the past, current, and future from the established
renewable resources. The worldwide electricity production in 2035 is estimated to be 1.6 and 33 times of
that compared to 2020 and 2010, respectively [44].
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Table 1: World renewable electricity generation outlook [44,45].

Electricity production by source (TWh) 2010 2020 2035

Bioenergy 331 696 1487
Hydro 3431 4513 5677
Wind 342 1272 2681
Geothermal 68 131 315

Solar® 34 382 1124
Total (TWh) 4206 6994 11284

* photovoltaic plus thermal-solar

2.1 Renewable Energy Resources

The term “renewable energy” (RE) is associated with the energy sources that are sustainable in nature,
including the energy harvested from the Sun, wind, water, the Earth’s heat, and biomass. The RE
technologies convert the harvested energy into electrical, chemical, and mechanical energy. The REs can
overcome the non-sustainable limitation of the FF to supply future’s energy market demand. The RE
technologies are often called “clean” or “green” since they emit few pollutants compared to FFs. Climate
scientists commonly agree that continuing current GHG emissions will intensify impacts such as sea level
rise, floods, heat waves, droughts, and more frequent extreme weather conditions [46]. According to the
2012 statistics, total damages in the past three decades exceeded $150 billion/y upon extreme weather
conditions such as floods, wildfires, droughts, and storms [47]. The evidence connecting these devastating
conditions to the climate change is overwhelming. Policies should include the total cost of different energy
sources into their market prices [47]. North America has become one of the topmost regions for the installed
capacity of the RE over the past decade. For instance, in 2014, the US had the largest installed capacities
for the renewable powers after China. This milestone is achieved through the reduced costs of wind- and
hydro energy, and increased potentials of various other RE resources. Further, the states and communities
have played a considerable role in supporting the development and usage of the RE. In 2014, Canada was
ranked 4™ in the world in renewable power capacity of hydropower. In 2012, Canada was the leader of the
North America for the RE electricity production with a share of 53%, while the US only produced 13% of

its electricity from the RE sources [48].
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In total, there are nine main sources of energy, which are categorized into renewable and non-renewable
groups [50]. All these sources of the RE are being nowadays utilized to produce electricity, but only

geothermal, solar, and biomass are used so far for heat generation [51].

2.1.1 Solar Energy

In solar technologies, the energy obtained from the Sun is harvested to produce energy and electricity for
buildings, transportation, and industrial plants [52]. The highest solar radiation flux density reaching the
surface of the Earth is around 1.0 kW/m?. The wavelength band ranges from 0.3 pm to 2.5 pm (i.e., short-
wave radiation), that also contains the visible spectrum (0.38-0.70 um). In populated regions, the highest
flux fluctuates from nearly 0.035 to 0.35 kW/m?, considering weather, geographical location, season, and
time. The spectral distribution of the solar energy is determined by the Sun’s surface temperature of 6000
K [53]. In the recent years, utilizing solar energy technologies has gained a considerable attention to fulfil
our society’s energy demands [54]. The solar energy can be harvested for its heat and electricity values [55]
such as cooling and refrigeration [56]; industrial process heat [57]; rural electrification [58]; production of
methanol [59]; production of hydrogen [60]; polygeneration emergency containers [61]; micro-combined
power and heat generation [62]; desalination [63]; greenhouse farming [64]; and passive indoor air

conditioning [65]. A few of the solar energy applications are described in more details below.

Photovoltaics. Photovoltaic (PV) cells generate electricity directly from electromagnetic radiation. PV
energy is one of the most developed RE technologies. The yearly PV cell production is multiplied >330
times in the past two decades (from >500 MW in 2003 [53] to 165 GW in 2020 [66]). This progress is
because of PV features such as modular design; solid state and ease of use; local and grid-linked
opportunities; reliability; lack of emission and noise; and cost reduction per unit energy generated [53]. A
major share of the worldwide annual PV market belongs to the US, with 13.3 GW from 115 GW global
market in 2019; China occupied the first market rank with 30.1 GW [67]. The intensity map of the solar
resources in the US is shown in Figure 1 [68]. The two wide classifications of the PV systems are
concentrating and flat plate. The concentrating PV system employs lenses to concentrate the radiation on a
few extremely effective PV cells, and they only utilize sunlight direct beam. The flat-plate solar harvesting
system uses the total solar radiation, containing direct and scattered insolation [52]. The solar PV panel
utilization ranges from small electronic devices to large-scale utility installations (e.g., the Solar Star Power
Station in California), with an installation capacity of 579 MW [69]. The radiation budget dictates the

balance between the received energy from the Sun and the leaving thermal and reflected energy from the
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earth [70]. The PV installations are categorized as grid-tied centralized, grid-tied distributed, off-grid

commercial, and off-grid (houses and isolated applications) [71].

kWh/m?/Day

>6.5

60065
551060
50t 5.5
451050

401045
351040
30w35

Figure 1: PV solar resources in the US [68].

A solar collector converts the harvested solar energy either to electricity directly in the PV applications, or
to the working fluid thermal energy in solar-thermal applications. In a PV unit, waste heat is also generated
as a byproduct that can be recovered by tubes filled with fluids into the PV board [72]. The two most
commonly used categories of the solar collectors are non-concentrating and concentrating collectors. In a
non-concentrating collector, the light intercepting and absorbing have the same area, whereas in the
concentrating collectors, the intercept surface is projected onto a much smaller receiving area. In this case,
the thermodynamic cycle can gain greater Carnot efficiency at higher temperatures [73]. The rudimentary
component of a solar panel is pure silicon, which provides a perfect neutral platform for the electron
transmission. Silicon has four electrons in its natural state and can accommodate space for four more
electrons since it has eight valence electrons. Each silicon atom accepts four atoms from adjacent molecules.
Each atom obtains the ideal eight valance electrons, establishing a strong bond; however, there is no
negative or positive charge. Silicon is utilized on the solar panels’ plates. The solar panels can also be made
by combining silicon with other elements, having a negative or positive charge [74]. Figure 2 illustrates
various PV technologies [71,75]. The information on the three major types of the solar collectors are
provided in Table 2 [76].
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Table 2: Categories of solar energy collectors [76].

Motion Collector Type Absorber Type T-Range (°C)  Conc. Ratio”
Stationary  Flat plate Flat 30-80 1
Evacuated tube Flat 50-200 1
Compound parabolic Tubular 60-240 1-5
Single-axis  Fresnel lens Tubular 60-250 10-40
tracking Parabolic trough (PT) Tubular 60-300 15-45
Cylindrical trough Tubular 60-300 10-50
Two-axes  Parabolic dish reflector Point 100-500 100-1,000
tracking Heliostat field Point 150-2,000 100-1,500

* The ratio of aperture area divided by the receiver (or, absorber) area.

The PV systems can also be characterized based on solar cell technology (Figure 2). The classifications of
the silicon-based technologies are crystalline silicon and amorphous silicon. The varying crystalline
structures of the crystalline silicon cells are ribbon cast multi-crystalline, mono-crystalline, and multi-

crystalline [71].

Solar Electricity

. Non-Silicon-Based New Concept
Silicon-Based Thin Film Devices

[Cadmium Te[luride] [Copper Indium Diselenide ]

Amorphous Si Solar Concentrator
Thin Film Systems
Organic-Based PV
Crystalline Si

Single-Crystalline Si
Multi-Crystalline Si

Ribbon Cast
Multi-Crystalline Si

Figure 2: Different PV technologies [75].

i

Quantum Cells

In the US, rooftop solar PV systems usually need a permit from a permitting authority (e.g., local building

or electrical). This might guarantee safe installation and operation of the PV system, but it will cause some

11
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delay. At the state level, initiatives have been undertaken to reduce the PV permitting challenges such as
online permit applications. In addition, several agencies at the federal level, including Solar Energy
Industries Association, Solar Foundation, and US National Renewable Energy Laboratory (NREL), are
managing an automated permit processing campaign to develop free online permitting tools for streamlining
the local solar permitting processes. As a result, time to process a solar permit has been significantly reduced
recently with a longer expiry time (e.g., a decade in California). For example, the average apply-pass time
for PV installations in 2017 was 44 days, and 10% of the authorities having jurisdiction had a median apply-

pass time of 27 days or less [77].

Solar-Thermal (Electric and Industrial Process Heat). The Sun's radiant energy is collected by solar-
thermal technologies to generate heat from source of high temperature, which is transformed into electricity
through several thermodynamic conversion cycles. The solar-thermal collectors are classified to low
temperature (e.g., heating swimming pools), medium temperature (e.g., heating water for commercial and
residential purposes), and high temperature (e.g., generating electrical power). Unlike the solar PV, the
solar-thermal energy harvesting method does not directly transform solar energy into electricity [78]. A set
of parabolic solar collectors is used in parabolic trough (PT) technologies. These collectors concentrate the
Sun’s irradiation onto metal pipes, containing a working heat transfer fluid (e.g., synthetic oil), with a
special coating encircled by glass pipes. A modular mirror system is employed in the parabolic dish
systems. The mirror system verges on parabola, generating a considerable amount of energy at the focal
point after which, the heat is transformed into electricity by an external combustion Stirling engine. An
extensive area of the sun-tracking mirrors (i.e., heliostats) is used in central receivers. They reflect the
irradiation onto a tower-mounted thermal receiver. In solar pond systems, a liquid is used to collect and
store the energy. Then, the stored energy can be transformed to electricity, using a closed Rankine cycle
engine. In addition, the solar-thermal technologies, which are used for the industrial process heat, employ
the same principles and a similar technology to generate a medium- or high-temperature heat source. The
energy requirements of common and special industrial processes can be fulfilled by supplying the heat

generated from these systems [52].

Solar-thermal utilizations in the industrial and municipal sectors are mostly dominated by solar water
heating systems. These systems are the most cost-efficient alternatives to the existing solar thermal
technologies. The use of these systems is increased in the period of 1980 to 2011 with an annual growth
rate of 30%, and the technology is commercialized in several countries [79,80]. Solar water heating systems
typically consists of a storage space and solar collectors. It functions based on thermosyphon principle
[81,82]. A simple layout of the solar water heating process concept is illustrated in Figure 3. The system

includes a circulating pump, solar collectors, storage tank, pump, relief valve, and thermostat. The control

12
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devices regulate the system operation temperature. If temperature of tank exceeds the setpoint, the valves
release energy by blending the main water supply with the hot water to attain the desired temperature. An
auxiliary heater is supplied for the conditions that tank temperature is not sufficient. The solar-water heating
systems are commonly categorized into two main groups of recirculating water heaters and the once-
through systems. The recirculating water heaters are analogous of the domestic solar water heating systems.
The once-through systems are also broadly used for cleaning in food industry, where the utilized water

cannot be reused in the system due to possible contaminants in service water [83].

Relief Valve

T Hot Water Auxiliary
Heater

A 4 ¢_

Differential Storage
Thermostat Tank

Load

< Coil-HE

Cold In

Figure 3: The block diagram for the solar-thermal water heating system (HE: Heat Exchanger) [80].

The use of solar-thermal technology for heat generation in industrial processes decreases the FF dependency
[80,84]. The GHG emissions can be further reduced by integrating the solar PV technology into building
construction processes such as on building roofs, walls and windows [85], and integrating thermal energy
storage systems with phase change material (PCM) [86]. Several factors affect the availability of solar-
thermal energy storage such as time of the day, geographical location, local landscape, season, and local
weather, all of which highlight dilute (solar radiation at the Earth surface is denoted as diluted blackbody
radiation/significant amount of energy is required to produce useful amount of energy), periodic, and
stochastic nature of the solar radiation. The solar-thermal technologies have applications in water
desalination (preheating), food and textile industries (dehydration and drying), chemical industry (heat of
reaction), pharmaceutical industry (pasteurization and sterilization), and air conditioning (industrial or

municipal heating/cooling) [80,84].

Electricity generation is one of the most important applications of the solar energy. Concentrators can be
utilized to generate electricity from solar energy through processing high temperature fluids in Rankine or

Stirling engines. The electrical power from solar energy can be alternatively produced by PV and
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concentrated solar power (CSP) [87]. In the PV technology, the electrical energy is typically stored in
batteries in the form of chemical energy [88]. In the CSP system, the solar energy is stored as thermal
energy using thermal energy storage. High temperature thermal energy storage is more suitable than battery
technology at a large scale because it has greater load capacity and extended storage duration and is cheaper.
The sharp drop in the cost of PV cells has created a competition between the CSP technology and PV
technology [89]. The CSP technology should improve its operating efficiency, reliability, and cost. The
total efficiency of the CSP technology depends on the performance of all its sub-modules such as receivers,
collectors, heat exchangers, thermal energy storage system, generators, and turbines [90]. The solar energy
technology, along with some of its applications implemented in the industrial processes are summarized in
Table 3.

Table 3: Applications of solar energy and associated technologies in industry [80].

Application Technology Active/Passive
Solar water heating Integrated collector storage
Thermosyphon
Indirect water heating
Direct circulation
Air systems
Space heating and cooling  Space heating and service hot water
Water systems
Air systems
Adsorption cooling
Heat pump systems
Mechanical systems
Absorption systems

Solar refrigeration Absorption units

Adsorption units
Industrial heat Steam generation systems
demand process Industrial water and air systems
Solar desalination Solar stills

Multiple effect boiling
Multistage flash
Vapor compression
Solar-thermal power PT collector
systems Parabolic dish
Parabolic power
Solar furnaces
Solar chemistry system

> > >>>> > >0 > > >>>>>>>>>> > > T o

* P = Passive and A = Active

The combined heat and power (CHP) solar energy can be employed to meet diverse end-user demands. In
a hybrid solar energy harvesting and conversion system, the solar collectors are integrated with other energy

resources such as biomass, biofuels, and wind which results in production of heat and power.
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Solar Building Technologies. Currently, one of the major ecological concerns is the significant use of
electricity in the housing system for lighting, heating, and cooling [91]. Engineers and architects have begun
designing buildings that consume less energy, either via passive design strategies for energy efficiency or
the integration of active surfaces (e.g., PV modules) for electricity generation, or both [92]. A zero-energy
building is defined when the building energy requirements are covered by the RE technologies [93]. In fact,
about 25% of the total CO, emissions are originated from heating buildings. A significant portion of the
GHG emissions from residential and industrial buildings comes from FF-based heating and cooling
systems. The solar energy could replace the FFs to operate these inefficient conventional heating/cooling
systems which also results in reducing GHG emissions [91]. Daylighting, along with active and passive
heating/cooling systems are the building blocks of solar building technologies [52]. The term ‘passive’ is
employed when the Sun’s heat is initially captured in conservatories or rooms behind the windows even
though the building is equipped with the controlled ventilation. The term ‘active’ is used if the heat is
initially captured in a custom-built exterior collector [53]. Passive heating and cooling systems use little or
no mechanical aid, depending on the building design to achieve thermal requirement targets. The passive
space heating benefits from natural heat convection to harvest, store, and distribute the heat. Today’s
common techniques are thermal storage walls, attached sunspaces such as greenhouses, direct gain systems
(e.g., south-facing windows), and roof storage utilizing water [52]. In active heating systems, space and
water heating of the commercial or residential buildings is provided using a collector that obtains the solar
irradiance and transfers it to a working fluid such as oil, water, or air. In the active solar cooling system,
solar desiccant technology is incorporated in which the water vapor content of the building circulation air
is adsorbed by a drying agent. The solar heat is then utilized to regenerate or dry the desiccant for reuse
[52]. Active systems can be tailored for the existing houses, and they can be controlled more easily than the
passive systems; however, the require large collectors. It is also suggested to efficiently implement the
passive design at the construction stage of the building since retrofitting of the systems is usually inefficient.
In both cases, a large storage system is required. Similar to the passive systems, active solar systems

function efficiently only if the heat losses are considerably decreased. [53].

Phase change material (PCM) can absorb and release solar and infrared energy through radiation,
convection, and conduction mechanisms due to their high latent heat. They provide reduced internal air
temperature, decrease the discomfort hours, and create cooling energy loads. The performance of PCMs
depends on temperature and the PCM material and quantity [94]. PV modules integration on the surfaces
of a building can be implemented via two methods: building-applied PV system and building-integrated
PV system. In the first method, PV modules are installed on the existing roofs, while in the second method

they are installed after the building construction, usually replacing the envelope materials of the building

15



341
342

343

344
345
346
347
348
349
350
351
352

353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371

[92]. Integrating the PCMs into building architecture reduces the cooling cost and enhances the thermal

comfort during hot seasons [95].

2.1.2 Wind Energy

Wind is formed by the expansion and convection of air resulted from the absorption of solar radiation on
the Earth. Wind patterns are created by thermal effects, merged with the dynamic impacts from the Earth’s
rotation. Besides the atmosphere synoptic behavior, there are important local variations in wind speed and
direction resulted from the environmental and geographical factors. The wind speed increases with
elevation above the Earth surface. The horizontal components of wind speed are considerably stronger than
the vertical ones. The vertical components of wind speed are vital in creating gusts and short-run
fluctuations. The wind kinetic energy is around 0.7x10% J. This energy is depleted by friction originated
from the interaction with sea and earth surface. Nearly 1% of the absorbed solar radiation, 1200x10% W, is

also depleted in the similar way [53].

The utilization of modern turbines and energy conversion systems to extract power from the wind is a
recognized industry. Such machines are manufactured with different power capacities from several Watts
to numerous mega Watts, and diameters of 1 m to larger than 100 m [53]. The kinetic energy conversion of
the moving air on the Earth’s surface to a shaft rotational motion is the basis for wind energy technology.
This power can be utilized for mechanical energy requirements such as milling, water pumping, and electric
power conversion in a generator [52]. The wind availability is the most significant factor that dictates the
location of wind turbine farms [96]. The two main kinds of turbines based on the blade rotational axis are
vertical- and horizontal-axis turbines. To date, the wind energy has demonstrated to be the most economic
renewable electricity technology for mass power generation [52]. Wind-hybrid systems, in which a wind
turbine is combined with another RE source such as PV and/or a typical backup unit (i.e., diesel generator)
are gaining considerable attention in the distant power market. For instance, in the Xcalak village in Mexico,
a hybrid system consisting of 11.2 kW PV array, six 10 kW wind turbines, and a diesel backup generator
to supply its complete power needs are utilized [52]. The speed of wind determines the economy and
efficiency of wind energy utilization from the wind farms. Since the power generation associated with a
wind turbine is proportional to the cube of the average wind speed, significant changes in the quantity and
cost of the harvested energy are resulted even from minor differences in the wind speed. In addition, the
turbine rotor swept area is a function of the square of the blade length. Thus, a moderate increase in the
blade length enhances the wind energy capture. Further, a wind turbine is expected to be placed at higher

hub heights since the wind speed is greater at higher altitudes with less turbulence [96]. The wind turbines
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are designed based on the calculated power production capability of the proposed location. For the wind
turbine operation, there are three design factors considering the wind speed: the minimum speed of 3-5 m/s
that enables the wind turbine to produce practical power; the rated speed of 8-15 m/s that allows the wind
turbine to generate designated rated power; and the cut out speed of 20-35 m/s which halts its operation
such as the case in a cyclone [96].

To review the cost analysis of the wind power system, some statistics from 2015 are presented below: even
though the wind energy power generation cost, which is competitive to FFs, is the cheapest among all the
RE systems, its installation is not cheap. It costs near $1 million per MW of generating capacity even for a
suitable site from wind speed perspective. The minimum power availability for an economically viable
wind farm is 20 MW. If each turbine produces 750 kW, a minimum number of 26 turbines should be
installed to produce 20 MW, costing $ 20 million [97]. The energy harvesting cost associated with the wind
energy depends on the grid line distance as well as the wind speed. For wind speeds of 10 m/s and 6 m/s,
the cost is estimated to be around $ 0.04/kWh and $ 0.06-0.09/kWh, respectively [97]. The capital cost
distribution for a standard onshore wind power system is displayed in Figure 4.

Other

Figure 4: The capital cost distribution for a standard onshore wind power system [98,99].

For a wind energy system, the minimum lifetime emission of gas carbon equivalent is 12 g/kWh. Although
the capital investment is higher for the wind farms compared to the FF-based power plants, wind farms
require lower operating and maintenance costs in their life cycle, and do not need additional fuel cost.
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Therefore, the energy generated from a wind farm constructed at a suitable site becomes economically
viable compared to the FF power plants. However, its intermittent nature is a concerning issue. In other
words, an individual wind system cannot produce continuous power throughout the year. To ensure
continuous and sustainable energy generation, the hybridization of wind energy system with solar PV seems

appropriate.

From the environment point of view, a wind farm should not affect birds’ lives, block the air traffic route,
and produce noise pollution [97]. Eventually, there are five characteristics for a good wind power site: high
average wind speed, enough distance from the noise-sensitive neighbors, good site access, good grid

connection, and no specific environmental or landscape designations [100].

In the wind farm, the turbines are located on the ground at a suitable distance from each other to ensure that
the aerodynamic interference(s) are prevented. Such interferences may increase the turbulence, which may
lead to the loss of power. The space between the wind turbines is typically known as the diameter of the
turbine. The best turbine diameter is around 8-12 times the rotor diameter along the wind direction, and
about 2-4 times the rotor diameter opposite to the wind direction [101]. The wind energy is transferred to
the blades, and subsequently to the turbines. The control system adjusts the positions of the blades along
the wind direction, and the blade pitch is regulated under the variations of the wind speed for a large wind
turbine. Usually, the blades’ shaft is connected to the electrical generator by a gearbox. The common types
of the generators are synchronous or induction. For a large wind turbine, the typical electric power is
ordinarily 60 HZ of AC power with 600 V output. The compatibility with the end-use transmission or
distribution voltage can be done by a transformer that enhances or reduces the voltage depending on the
interconnection type [102]. Generally, there are two methods to produce electricity using the wind energy:
in one, the wind turbine rotational speed is controlled in order to synchronize the output electricity with the
power grid. In the second method, the wind turbine rotational speed is allowed to change for electricity
generation at varying frequencies. The generated power is then rectified to DC, inverted back to AC (for
the case of synchronizing with the power grid) using thyristors or large transistors to a few hundred volts.
The voltage is then successively increased by transformers to about 10-30 kV for transmission. The first
method (i.e., output electricity synchronization with the power grid) is simpler; however, the wind turbine
does not operate at its maximum efficiency at each wind level. The second method of generating varying
frequency electricity allows the turbine to operate efficiently at the cost of expensive electronics [103-105].
The theoretical maximum energy efficiency from wind, collected by a turbine rotor, is about 59%. The
efficiency values usually range from 35% to 45%. All the components of a wind energy system including
transmission, rotor, storage, generator and other devices, with efficiencies smaller than ideal machines,

provide between 10-30 % of the prime energy available in the wind [106].
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2.1.3 Biomass

A plant is regarded as a system/structure that sustains particular organs. The structure contains wood,
particular organs including leaves that are capable of photosynthesis, and the roots that absorb water and
nutrients. Materials are conveyed from one site to another by sap. Fruits accomplish the task of sexual
reproduction. The plant’s chemical energy is stored in fruits, sap, roots, and tubers. Plant tissue contains
50% to 95% water. Leaves have proteins and much of the minerals. Leaves can be transformed to biogas
(by anaerobic digestion), that is a mixture of mainly CO. and methane, leaving behind a sludge residue.
This residue is a valuable fertilizer as it maintains most of the minerals utilized by the plant. Wood is
composed of lignin, cellulose, and hemicellulose at different portions of about 20%, 30%, and 50%,
respectively [107]. Biomass is referred to the animals and plants’ material including their residues and
wastes. The heat is released from the reaction of this carbon-based organic materials with Oz in combustion
and natural metabolism processes. If the temperature of the reaction is more than 400 °C, the converted
energy can be utilized for the generation of electricity and work. The initial/original material might be
converted to biofuels by biological and chemical processes. Biomass can be converted to a more suitable
form, mostly liquid fuels (also known as biofuels) for transportation, which mainly include liquid ethanol,
methane gas, oils, solid charcoal, and methyl esters. Sometimes, the term bioenergy reflects the biomass
and biofuels together. The biomass-oxygen chemical energy is initiated from solar radiation in the
photosynthesis process. The biofuel energy is dissipated in the combustion process; however, the elements
of the material should be available in order to recycle this energy through natural agricultural or ecological
processes. The biological dry mass material cycling in the biosphere is around 250x10° t/y including around
100x10° t/y of carbon. The related energy bound in photosynthesis is about 2x10% J/y (7x10** W). Near

0.5 wt.% of the total biomass is supplied as crops for human’s food [53].

If biomass is to be regarded renewable, growth must correspond with use. The carbon contained in the
biomass is gained from CO; in the atmosphere through photosynthesis. The emitted CO; is recycled into
the atmosphere after biomass is burnt. Therefore, atmospheric CO, concentration is not enhanced over the
biomass growth lifetime. Hence, the energy production from biomass is carbon neutral while, contrarily,
CO; concentration in the atmosphere is built up with the utilization of FFs [53]. Biomass burning can
actually decrease the total amount of atmosphere CO; if the technology for furnace-emitted CO;
sequestration becomes economical. Another benefit of the biomass-originated fuel is its lower sulfur
content. Biomass can provide several feedstocks for organic chemicals [107]. The sunshine energy storage
as biomass and biofuels is very important. The combustion heat energy available varies from 8 MJ/kg for
green wood and 15 MJ/kg for dry wood, to around 40 MJ/kg for oils and fats, and 56 MJ/kg for CHa.
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Biomass is composed of mostly carbohydrate material with a combustion heat of near 20 MJ/kg dry mass
[53].

The hydrocarbons existed in the plants are normally polyisoprenes, which are alkyne hydrocarbon polymers
(i.e., polymer of isoprene (CsHg)). Vegetable oils or fats are esters, and their chemical structure is different
from mineral oils, which are hydrocarbons. Generally, the fruit pulp oil is different from that extracted from
the kernel or seed. Olive is an exception whose seed and fruit have the same oil type. Vegetable oils include
jatropha, castor, palm, olive, babacu, canola, peanuts, sunflower, and soy. By far, the most productive oil
is the palm oil, with up to 6 tons of oil per year per hectare. Due to the dual usage of vegetable oils as fuel
and food, there is a strategic challenge in effectively devoting their most suitable use. They can be directly
utilized as fuel or by their transformation into biodiesel [107]. Esters of glycerin are fats or oils. Glycerin
can experience multiple identical or different esterification with acids. The majority of animal fats and
vegetable oils are mixtures of triglycerides that can be utilized as fuel in diesel engines. However, these
engines most probably need modifications to perform well with this particular fuel. Vegetable oils have an
extensive range of fatty acids from Cs to Co [107]. Fatty acids yielded by animals and plants nearly
exclusively have an equal number of carbons. For direct utilization of vegetable oils as diesel fuel, their
specifications including cetane number, viscosity, cloud point, and lubricity should be adjusted to compete
with those of the petroleum diesel. The most important difference between the vegetable oil specifications
with those of the diesel oil appears to be related to their viscosities. Vegetable oils are significantly viscous
to be directly used in unmodified engines and will likely impair the engine’s injection valves. Petroleum
diesel has a viscosity of about 4 to 5 cSt, compared to that of the vegetable oils at an average of about 30
cSt or more at 40 °C. To rectify this concern, the vegetal oil can be blended with diesel oil or kerosene, or
it can be preheated to a temperature at which its viscosity reaches a certain suitable value. In addition, since
the straight vegetable oils are composed of triglycerides, the propanetriol can be replaced by either methanol
or ethanol through transesterification process in order to produce biodiesel [107]. There has been a growing
interest for utilizing microalgae for oil production. These attempts are still at the initial stages. Algae
containing a significant oil yield are less resilient compared to those having low oil yields. It seems that
there will be an improvement in employing closed systems where the desired strains can be more properly

controlled. Algal systems can contribute to the sequestration of CO; released from the power plants [107].

Biomass transformation into different chemicals can occur through two major methods: Fisher-Tropsch
process, in which syngas is produced, and the fermentation process, through which carbohydrates (and
sometimes proteins) are anaerobically transformed into alcohols (i.e., ethanol) as well as acids (i.e., lactic

acid). In these two processes, special enzymes such as yeast or bacteria are utilized [107].
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The biomass energy density is an important design parameter. Generally, one-unit volume of coal produces
the same level of energy as that of 3—4 units volume of dry biomass. Hence, handling and transportation of
biofuels are more costly and difficult, particularly if the biofuels were not utilized at the source. Two main

pathways for biofuel production are depicted in Figure 5.

Biomass

Thermochemical Route i Biochemical Route

] I I ; I

Combustion Gasification Pyrolysis/Liquefaction Extraction Hydrolysis
Syngas Cleaning Liquids Transesterification Fermentation
& Conditioning

I

Fischer-Tropsch

Synthesis

! ;

Heat Synthetic Transport Fuels Transport Fuels

Biodiesel Bioethanol

Figure 5: A simple layout of the two major routes of biofuel production [108,109].

Biochemical processes are the chemical processes that take place in the living organisms. Biochemical
conversion is conducted at relatively reaction rates and temperatures, with high selectivity for products.
Feedstocks with a high moisture content are usually good choices for biochemical processes. The most
extensively utilized liquid biofuel is ethanol, which is fermented from starches, sugars, or cellulosic
biomass. It is considered as a renewable fuel for engines [110]. The biochemical processes occur in three

stages as follows [53]:

e Insoluble biodegradable materials, such as fats, polysaccharides, and cellulose are converted to
soluble fatty acids (through hydrogenesis process) and carbohydrates. This can take place in a
digester over a day at 25 ‘C.

e Acid forming bacteria mostly synthesize acetic acid and propionic acid through the acidogenesis
process. This stage also take place over a day at 25 C.

e Methane forming bacteria gradually perform the digestion process to a maximum of 70% methane
and a minimum amount of about 30% CO, with trace values of hydrogen and possibly H.S through

the methanogenesis process, which takes place over about 14 days at 25 ‘C. H, may have a
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significant role. Some bacteria such as Clostridium are unique in the process of hydrogen

production as the final product.

The electricity production in power plants via biomass and waste combustion has been continually
developing. Production of biofuels in closed systems does not depend on the weather conditions in contrary
to the energy production in solar power and wind power plants [111]. There are numerous processes to

utilize biomass as fuel [107], some of which are listed below:

e Wood, rice husks, corncobs, sawdust, and other agricultural residues can be burnt in suitable
furnaces. The combustion heat associated with most dry biomass materials is in the range of 15-19
MJ/Kg.

e Wood is conventionally used as a fuel by conversion into charcoal.

e Wood gasification can be employed to move vehicles as well as to provide power for industries.

e Wood can be used to produce methanol.

e Vegetable oils can be used in diesel engines.

e Sap of some plants are very rich in hydrocarbons, hence can be used as diesel fuel.

e Ethanol can be produced from fermentation of sugars and starches.

e Methane-rich biogas can be produced from digestion of biomass residues.

Ethanol (C,HsOH) is one of the most important biofuels that is naturally produced by microorganisms from
sugars under acidic conditions (i.e., pH values of 4 to 5). The most common microorganism (e.g.,
Saccharomyces cerevisiae yeast) is poisoned by ethanol concentration greater than 10%. The greater
concentrations of up to 95% are synthesized by the processes of distillation and fractionation. At the end of
the distillation process, the remaining mixture has 95% of C,HsOH and 5% of H,O. The commercial
production of anhydrous ethanol is accomplished by the azeotropic separation of water by co-distillation
with some solvents such as benzene. The sugars’ energy potential wasted in the course of the fermentation
process is about 0.5%. However, considerable amount of heat is needed for the separation and
concentration. This heat might be supplied by the gasification or combustion of waste heat recovery and

waste biomass [53].

2.1.4 Hydropower

The term hydropower is typically limited to the shaft power generation from falling water. This power is

more frequently utilized to mechanically generate electricity. Waves and tides are other sources of
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waterpower. Undoubtedly, the hydropower is the most extensively utilized renewable resource for

electricity generation [53]. Hydropower can be classified as follows [112]:
e Conventional hydroelectric that uses hydroelectric dams.
¢ Run-of-river hydroelectric that uses the kinetic energy associated with streams or rivers.
e Small-hydro projects that generate a maximum of 10 MW; they usually have no artificial reservoir.

e Micro-hydro projects that generate a maximum of a few hundred kW for small industries, remote

homes, or villages.

e Conduit hydroelectricity projects that use water, deviated for utilization elsewhere (e.g., a municipal

water system).

e Pumped-storage hydroelectric that stores water, pumped into reservoirs located uphill to be used when

the system generation is not enough.

e Pressure buffering hydropower uses natural sources for pumping water to turbines while excess water

is pumped into reservoirs located uphill and released when the received water flow is not sufficient.

A comprehensive hydroelectric system must have the sources of water, flow control, pipe (penstock),
electric generator, generator control system for electricity distribution (i.e., reticulation), and turbine. The
dam secures constant supply of water to the system without fluctuations and facilitates the storage of energy
in the reservoir. Small systems of run-of-river, stemmed from a comparatively bigger and steady stream
might only need a low-height holding wall, which is sufficient to keep the penstock completely immersed;

however, this does not create significant storage [53].

The main cost of hydropower construction is associated with the penstock. If the penstock is thin and short,
its construction cost will be less. However, it is rarely possible to meet these requirements; particularly, the
penstock diameter cannot be small due to the head loss. If the penstock diameter is too small, nearly the
entire power is wasted in the pipe. The constant loss of power caused from the use of a small diameter pipe
could justify spending more on a larger diameter penstock. The turbine speed is designed to achieve
electricity generation at about 400 V AC. In high power systems, a special generator is commonly used that
operates with the same shaft as the turbine, which leads to the minimization of power loss between the
generator and the turbine. A small power system (e.g., 10 kW) usually utilizes regular/standard generators
or induction motors operated as generators. Gearing is used when the turbine rotation speed is not high
enough as a stand-alone generator. A V-belt contains a usual gearing mechanism, which has a power loss
of 10-20% in small power systems. Even though the prime power generation continuously operates at a

moderately low voltage, use of transformers can improve the AC voltage, leading to both the grid voltage
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matching and power losses minimization in transmission. It is crucial to control the frequency and voltage
to sustain consumer needs and common grid standards. This is conventionally conducted by employing a
mechanical feedback system which regulates the flow through the turbine to maintain constant

frequency/speed [53].

Currently, hydropower provides nearly 20% of the world’s electricity generation. This electricity generation
relies upon the terrain and rainfall [53]. A typical hydropower plant includes three parts: an electric plant
to generate electricity; a dam to control water flow; and a reservoir to store water [113]. The lifetime of
hydro installations and plants is more than fifty years, by following routine maintenance of the turbines and
minor renovation of the dams and waterways. The turbine long lifetime highly depends on the steady and
continuous operation without encountering excessive temperature or other stresses. Accordingly, an
established hydropower plant usually generates electricity at low cost (<0.04 €/kWh in 2001) with resulting
economic profits. Since a hydro turbine has a rapid response for power generation, the power might be
utilized to provide both the base load and the peak demand needs on a grid supply. There are two types of
turbines available: reaction turbines and impulse turbines. A reaction turbine is entirely inserted in the fluid
and is driven due to the pressure drop established through the device. In an impulse turbine, the flow kicks
the turbine, and power is originated from the flow kinetic energy. A reaction turbine generator might be
reversed so that water can be transferred to high elevations for storage and subsequent electricity generation
[53]. Excluding the countries generating a great quantity of hydropower, the hydro capacity is usually
utilized for maximum load demand since it is very easily started and stopped. In developed countries,
hydropower is not the main choice since major sites having potential for harnessing gravity in this fashion
are either being already exploited or are unattainable due to reasons such as environmental or health
concerns. Development of hydropower capacity until 2030 is estimated to be mostly in Latin America and
China [113].

2.1.5 Geothermal

The Earth is constructed from three concentric layers: crust, mantle, and core. The crust thickness is much
smaller than the other layers of the Earth, having a radius of about 6,370 km. The mantle thickness is about
2,900 km from the crust base, having an average temperature of 1,000 ‘C. The Earth’s core thickness is
3,470 km. The core is usually divided into outer core and inner core. The core zone temperature is estimated
to be about 4,000 'C [53,114]. Heat transfer from the semi-fluid mantle preserves a large temperature

difference of 1,000 ‘C through the comparatively thin crust, with an average temperature gradient of around
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30 "C/km. The average specific heat capacity, density, and thermal conductivity of the crust solid material
are about 1,000 J/kg.K, 2,700 kg/m?®, and 2 W/m.K, respectively. Thus, the average geothermal flux is near
0.06 W/m?, and the heat stored is around 1,020 J/km? [53,114]. This amount of constant heat flow is
insignificant compared to other renewable sources over the Earth’s surface, with a total average heat flow
of around 500 W/m? [53]. The geothermal energy comes from the thermal energy accumulated in the Earth's
crust. It is generated from two main sources: 20% from the Earth’s original creation and 80% derives from
the radioactive decay associated with the Earth’s materials [115]. The Earth’s inner core temperature comes
to a maximum value of around 4,000 “C. The heat, known as geothermal heat, is usually transferred by
conduction through the solid submarine and land surface, and rarely by active convection currents of molten

magma or heated water.

Geothermal energy is now being utilized in different places in the world for electricity generation. It directly
provides energy for food and industrial processing, space heating, refrigeration, and aquaculture [52].
Geothermal heat is transferred through the crust by friction and natural cooling from the core, elements
(e.g., uranium) radioactive decay, and chemical reactions. The heat production by radioactivity or chemical
action is only considerable over several millions of years. Energy harvesting from geothermal heat depends
on the removal of heat stored in the thermal capacity of water as well as the solid materials in the crust,
instead of replenishment. Geothermal information is acquired through mining, oil exploration, and
geological surveys. Temperature gradient is the key parameter in energy harvesting using geothermal wells.
The current well drilling technology is able to drill even more than 15 km. The main units of a geothermal
plant are the boreholes, and therefore, heat extraction from a depth of 15 km can be expected. The three

classifications of geothermal region are:

e Hyper-thermal: Temperature gradient is more than 80 ‘C/km. These regions are typically on
tectonic plate boundaries. The majority of geothermal power plants reside in these areas.

e Semi-thermal: Temperature gradient is in the range of 40-80 ‘C/km. These regions are usually far
from the tectonic plate boundaries. Heat extraction takes place from fracturing dry rock or
harnessing natural aquifers.

e Normal: Temperature gradient is less than 40 ‘C/km. These regions are connected to the average
conductive heat flow of about 0.06 W/m2. It is unlikely to continuously generate heat from these

regions at costs competitive to the current or forthcoming energy supplies.

In each category, it is plausible that the heat can be obtained by natural hydrothermal circulation, hot
igneous systems, and dry rock fracturing [53]. Geothermal power plants produce energy similar to the

conventional thermal power plants with a difference that the process fluid (such as water) is heated using
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the energy in Earth's core. The process fluid is employed to rotate a generator’s turbine, leading to electricity

production. Then, the fluid is cooled and recycled back to the source of heat [116].

Geothermal Electric Technologies. Currently, the only type of commercialized geothermal energy is the
hydrothermal resources, including steam and/or water, locked in porous or fractured rocks. Electricity is
generated through one of the three main routes, naming flash steam, dry steam, and binary conversion. In
a flash steam system, steam is generated from the hot geothermal liquids through rapid depressurization,
which then empowers a turbine-generator. In a dry steam system, a turbine-generator is empowered through
direct utilization of the geothermal steam. Eventually in a binary cycle system, the hot geothermal water is
used to heat up a secondary lower-temperature process liquid which subsequently runs a turbine generator.
Any technological progress achieved in locating, drilling, and extracting the geothermal energy as well as
any advances in the energy conversion technologies result in considerable growth in the current market

share value of the geothermal electric technology compared to the FF energy market [52].

Geothermal Heating Technologies. Low-temperature geothermal energy is currently used for space
heating in some areas of the world (e.g., several cities in Iceland). Invention and advancement of a
promising technology known as geothermal heat pump (GHP) has been a breakthrough in geothermal
heating technologies. A GHP operates similar to a common heat pump like the one-way heat pumps being
used in refrigerators, which use the heat gradient between soil or groundwater located a couple of hundred
feet underneath the Earth’s surface and that at the surface to energize the pump. Due to the GHPs’
reversibility feature, they are able to afford space cooling during the summer and space heating in the

winter, in addition to the extra local hot water requirements throughout the year [52].

The selection of turbine and heat exchange systems for a specific geothermal source is convoluted, needing
professional knowledge. The slight temperature rise of the source necessitates the compounds such as
toluene to run the turbines. Further, unique methods are required to advance the efficiency. Specific
problems may take place with heat exchangers, due to the huge concentration of chemicals in the borehole
water [53,117].

2.2 Novel Technologies

Around two billion people across the world have inadequate access to the electricity at this time [118].
Consumption of the FFs to fulfill the energy demands is increasing, leading to the ozone depletion, climate
change, ecological impacts, and augmented health threats to the living organisms on the Earth. The
absorbed energy amount from solar irradiation has to be identical to the quantity of energy emitted back

into the space at longer wavelengths to sustain the planet thermodynamic balance at a constant temperature
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[119]. The CO, emissions leads to a considerable escalation in its concentration in the atmosphere. The
CO;, concentration in the pre-industrial era was 280 ppm, which was increased to 409.8 ppm in 2019 [120].
The RE sources such as solar, hydropower, wind, biomass, geothermal and biofuels are considered
conventional, while some emerging variations have been proposed and studied that have additional
potentials to further reduce the GHGs and alleviate the air pollution concerns such as concentrated solar
photovoltaics, marine energy, artificial photosynthesis, cellulosic ethanol, and enhanced geothermal energy
[121]. These emerging technologies associated with the renewable sources of energy are explained in the

subsequent sections.

2.2.1 Marine Energy

Marine energy is also called ocean energy, and is one of the notable RE sources. Oceans encompass around
75% of the Earth, and numerous techniques were applied to generate energy from the marine resources.
The main advantage associated with the marine energy is its predictability and consistency [122]. In 2015,
the marine energy projects in the US and Canada were at the power capacity levels of 2,935 kW and 20,009
kW, respectively. The five main employed technologies related to the marine energy are wave energy, tidal

currents, tidal energy, ocean thermal energy conversion, and salinity gradients [121].

Wave Energy. Wind is the source of the wave energy. When wind moves across the ocean, energy transfer
occurs, offering a natural content of wind energy in the water [123]. This energy can be transferred into
electricity by a wave energy converter. Specifically, wave energy is spatially/geographically more
concentrated than both the solar and wind energies [121]. It is also more predictable and consistent
compared to the wind energy. The world’s wave power resources are predicted to be 1,000 GW at minimum,
capable of producing about 2,000 TWh of energy annually [124]. The wave energy potential depends on
the velocity of winds. The chances of strongest winds are greater at the geographical locations between the
40° and 60° north and south on the oceans’ eastern boundaries. The richest country in this field is the UK

whereas North America has the potential of producing about 4,000 TWh/y of energy [123].

Tidal Energy. It is originated from movement of the body of ocean because of the interplay between the
rotational and gravitational forces between Sun, Moon, and the Earth. The tides’ magnitude and timing
depend on the global position on the Earth, the shape of ocean bed and shoreline geometry, and the Coriolis
acceleration [121,123]. Tidal energy has a huge potential for energy harvesting even though it significantly
depends on the proximity of marine and coastal areas. The turbines utilized for production of tidal energy

are called hydrokinetic turbines. These turbines are classified as horizontal axis turbines, vertical axis
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turbines, oscillating hydrofoil, and venture effect turbines; this energy production strategy could be further

improved by utilizing gears to provide varying rotational speeds for the turbine and generator [121,123].

Tidal and Ocean Currents. Tidal currents are produced from the movements of body of ocean water,
particularly near coasts or islands. The magnitude and timing of low and high tides are predictable, and are
mostly unaffected by the climate change impacts [121,123]. The energy flux of the tidal currents are
protected between the sea surface and the seabed, and might be directed to flow through a channel contrary
to the wind energy [125]. At the same rated power capacity, tidal current converters produce fourfold more
energy per year per square meter, compared to wind turbines [126]. The three major types of the tidal
current energy converter are: the twin turbine with cross flow device, vertical axis device, and horizontal
axis device. For deep water operations, the most suitable system could be the neutrally buoyant turbine

equipped with anchor and mooring lines [121,123].

Salinity Gradient. It is the energy produced from the difference between the salt concentrations of two
liquids. There are two different processes for energy conversion using salinity gradient technology:
standalone and hybrid. The hybrid process relates to the energy production processes such as desalination
or wastewater treatment plants [127]. In the standalone process, however, the energy produced from the
salinity gradient can be obtained using reversed electro dialysis and pressure-retarded osmosis. These
technologies use the chemical potential between the seawater and freshwater (osmotic power). This power
is emerged from the pressure drop across a semi-permeable membrane. The most convenient location to
create such a pressure is the river’ mouth where the freshwater and seawater intersect [121,123]. Reverse
electro dialysis is a type of salinity gradient technology for energy generation. It is a membrane-based
technology which utilizes electrochemical reaction instead of the osmaotic pressure. The device uses a series
of membranes: half of them are permeable to sodium, and the rest are permeable to chloride, with freshwater
and seawater flowing interchangeably through each pair of the membranes as shown in [128,129]. The
extent of salinity gradient energy is predicted to be 3.1 TW worldwide. The theoretical and technical
potential values for the salinity gradient-related energy in North America are estimated at 479 GW and 98
GW, respectively [121,130].
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Figure 6: A schematic of a reverse electrodialysis system (anion-exchange membrane (AEM); cation-
exchange membrane (CEM) [128].

Ocean Thermal Energy Conversion (OTEC). The thermal energy of the Sun's rays is absorbed by the
oceans topmost layer. The OTEC is harvested in multiple cycles and uses the temperature differences
between the cold seawater (at the depth of between 800 m t01,000 m) and the warm seawater (at the ocean
surface); this thermal energy is then converted to produce electricity [131]. The embedded energy in the
warm seawater is employed to generate vapors whereas the vapors are condensed by the cold water. It
guarantees that there is adequate vapor pressure difference to run the turbine [132]. Closed-cycle, open-
cycle, and hybrid-cycle are three key approaches to extract energy by the OTEC plants. In a closed-cycle,
ammonia, propane or chlorofluorocarbon are used as the working fluid while in an open-cycle, seawater is
used as the working fluid. Th hybrid conversion cycle employs a combination of the closed-cycle and open-
cycle arrangements [121,123]. The minimum temperature difference needed to run an OTEC commercial-
scale power plant is 20 ‘C. The main applications of the OTECs are in small islands, wherein both power
and freshwater are required. Currently, the high cost of each unit is the major hurdle in establishing the
commercial OTECs [121].

High cost is the major limiting factor in commercialization of most marine RE technologies. The
commercial utilization of ocean energy might lead to social and environmental issues, which are obviously

not considered in the small scales of laboratory or pilot, mainly for tidal range systems. Marine energy
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technology deployment might negatively impact the marine life habitat. The shipping channel size and
chances for reformation might decrease owing to the existence of marine energy generating tools. The
equipment might corrode often, and sea storms might harm it because of the exposure to the strong ocean
waves [121,123].

2.2.2 Concentrated Solar Power/Photovoltaics

In concentrated solar power (CSP) technology, the sunlight is reflected into a receiver, where the main
circuit absorbs the heat by mirrors or lenses. It is either utilized directly or via a secondary circuit to produce
electricity using a turbine [133]. The CSPs may be equipped with a heat storage system that can generate
electricity in a cloudy weather condition as well as after sunset. The CSPs with a thermal storage guarantees
a considerably higher capacity factor compared to stand-alone wind and photovoltaics energies [134]. The
absorbed solar radiation by the collector is converted into heat. Then, a heat transfer fluid flowing through
the collector carries away the generated heat. Heat transfer processing fluid connects the collector to the
power generation system. The CSPs are classified into four main groups considering the collector type:
parabolic through, linear Fresnel reflector, parabolic dish, and solar tower. Because an extensive amount of
solar radiation is required to obtain the target temperature, sufficient for generating electricity with the CSP
system, the CSP technology application in the hot and dry regions (i.e., Australia, the Middle East, South
Africa, North Africa, South America, and the Western US) could be limited [177]. Spain and the US are
the leading investors in the CSP technologies [121]. The CSP plants are commonly constructed with backup
systems powered by solar fuels, FFs or biogas [121]. The estimated production and consumption of
electricity utilizing CSP in North America by 2050 is 1,390 TWh [121]. The roadmap of IEA’s CSP
technology predicted that the world CSP capacity would increase up to 147 GW in 2020, with 23 GW each
in Africa and the Middle East, and 50 GW in North America. Moreover, the world’s CSP capacity could
grow to 337 and 1,089 GW by 2030 and 2050, respectively, if all the roadmap conditions are satisfied [135].

Parabolic Trough (PT). The Sun’s rays are directed toward heat receivers located at the central line of
parabolic mirrors. The receiver surfaces are covered with a coating that increase the energy absorption. A
liquid is used to transfer the heat away, to a steam generator, to generate superheated steam that is used to
produce electricity using a turbine. The water is recycled back to the heat condensers after condensation.
When the Sun is not shining, electricity can be generated by the fluid thermal energy in the PT stored in
thermal storage systems [121,136]. The main disadvantages of the PT technology are considerable thermal
losses, lack of a suitable heat transfer fluid, and long pipes that connect the array and the steam production
plant [121].
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Linear Fresnel Reflector (LFR). LFR utilizes some long flat and slightly curved mirrors. They are placed
at various angles to let the sunlight be conducted to both sides of a stationary receiver, which is placed
several meters higher than the main mirrors. A single-axis tracking tool is positioned at each mirror line
and is adjusted independently, as the Earth rotates around the Sun, to receive maximum sunlight irradiation
on a fixed receiver. The focal line of the LFR collectors might be distorted by astigmatism, and a secondary
reflector is employed to redeploy if any tubes are not exposed to the rays [121,135]. There are three LFR
plants existing in the world; one of them is in California with the plant capacity of 5 MW. The main assets
of the LFR approach are materials availability, low cost of manufacturing and installation, direct steam
generation due to the utilization of water as the heat transfer liquid, minor loss of heat transmission, and
possibility of hybrid operations. The major disadvantage of the LFR technology is the high costs of

operation and investment that make its commercial employment impractical [121].

Parabolic Dish (PD). PD collector represents the CSP strategy wherein the Sun’s rays are focused on a
central point held over the dish center. Both the receiver and the dish follow the Sun by moving together
[137]. The receiver can be connected to a micro-turbine or a Stirling engine; so, to achieve a greater heat-
to-electricity conversion ratio in PD-based technologies, it is not required to include cooling system using
water or another heat transfer fluid. It is believed that the large-scale PD-based systems can compete with
other solar thermal systems [121]. Innovations in the PD reflector technology can turn this expensive
method into an economically viable technology. These improvements in the collector design as well as the
reflector structure can increase the thermal efficiency of the system. Using a Stirling engine at the PD
collector’s focus can reduce the cost and energy loss associated with the heat transport [138]. The PD
systems are usually designed for small-to-moderate capacity applications of about 10 kW, which are
appropriate for remote power requirements of urban areas far from the national electricity grid. Even though
the PD systems have the greatest optical and thermal performances among solar concentrators proved to
date, their main drawback is the considerable budget required for their construction per unit area compared
with the LFR and PT systems [139] .

Solar Towers (ST). Heliostats or computer-controlled mirrors include two rotating axes to track the Sun in
this technology. The solar energy is concentrated by mirrors and received by a sole receiver that is located
above the central tower where heat is converted to electricity. Synthetic oil, molten salts, steam, and water
are the common heat transfer processing fluids used in the ST technology. Typically, the operating
temperature ranges from 250 °C to 1000 °C, based on the working fluid and the receiver design. The STs
are on the brink of commercialization. Two 10 MW power plants were installed in California in the 1980s

and 1990s [121,140]. The main advantages of this technology are high efficiency, suitability for dry cooling,
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and easy installation on hilly locations. The main downside of the ST technology is that it has not been

commercially proven [121].

2.2.3 Enhanced Geothermal System (EGS)

Large-scale electricity generation from geothermal energy is usually limited by finding big hydrothermal
reserves. The first attempt to use the geothermal energy is to discover a reservoir and extract the fluid
carried in it so that the geothermal energy could be converted into electricity. One major problem is the
limited duration of exploitation of such reservoirs. To resolve this issue, it is suggested to artificially create
such reservoirs. To do so, there ought to exist a hot dry rock as well as a completely natural tank designed
to gain the geothermal energy. The tank consists of a hot rock block, placed 4-5 km beneath the Earth’s
surface. It accommodates adequate geothermal energy to produce electricity on the surface. To implement
an efficient EGS system, the heat should be absorbed from a “tight” rock matrix, and not a naturally
fractured one with low permeability level. The processing fluid for the EGS system is mostly water. The
heat transfer occurs by pumping water through the hot areas of the rock; therefore, the first task is to locate
a place in the rock where the temperature is high enough at depths of 4-5 km. Some injection wells are
drilled into the hot rock to create stable fractures for injection and circulation of the processing fluid through
the hot rock. The heat is absorbed by the fluid moving through the rock’s permeable pathways, which is
later extracted through the production wells. The produced hot liquids are then sent to an electricity
generation plant. After leaving the plant, the cooled down liquids will then be re-injected into the hot rock
for further heat extraction. A closed-loop binary cycle is used in the electricity generation plant that only
relieves steam from its cooling system, hence avoids GHGs emissions [141]. One of the environmental
concerns associated with improper design and maintenance of an EGS is the negative impacts on air and

water quality [121].

2.2.4 Cellulosic Ethanol

Ethanol is used as an alternative liquid fuel for vehicle engines. Conventionally, sugarcane and corn starch
are two main sources for ethanol production. The most concerning issue with the conventional ethanol
production is its feedstock that relied on human’s food elements. However, there are some emerging
technologies proposed recently, namely cellulolysis and gasification, which use grass, wood, and inedible
portions or residues of the plants. In these emerging technologies, the ethanol produced from plants’

cellulose is called cellulosic ethanol. Cellulosic ethanol is recognized as the second generation of biofuel
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synthesis. It is produced from lingo-cellulosic biomass, containing the agricultural wastes and relevant
energy crops. Cellulolysis and gasification are two main techniques to produce cellulosic ethanol [121].
Four major feedstock sources for cellulose are: wood residue coming from the wood industry, furniture
manufacturing, paper mills, and saw; agricultural residues obtaining from straw, husks, bagasse, and corn
stover; dedicated energy crops containing woody crops, herbaceous, and tall grasses; and municipal solid

wastes including paper and other cellulosic material [142,143].

Cellulolysis. The cellulosic ethanol production process is more convoluted in comparison with starch/grain
conventional processing. A pretreatment process is needed before hydrolysis process. Lignocellulosic
biomass cell walls have natural resistance, known as recalcitrance, to enzymatic and microbial
deconstruction. The main obstacle to the economic development of the bio-based products and fuels is the
lignocellulose recalcitrance [144]. Pretreatment processes are usually conducted via chemical or physical
methods. Both chemical and physical pretreatments are needed to obtain greater efficiency. Chemical
pretreatment is employed to disrupt the lignocellulosic cells so that the enzymes can access the cellulose
for microbial reactions. Physical pretreatment, known as size reduction, is the process of reduction in the
physical biomass size. The ethanol production process steps employing cellulolysis technique (i.e. the

biological approach) are summarized below [145]:

e Pretreatment of the lignocellulosic material such as straw or wood for hydrolysis

e Cellulolysis (cellulose hydrolysis) that breaks the molecules into sugar with cellulases
e Separation of sugar solution from the biomass residue (particularly lignin)

e Microbial fermentation for aqueous sugar medium

e Distillation to purify ethanol to ~95%

e Dehydration to improve ethanol purity up to 99.5% using molecular sieves

Gasification. In the gasification process, the carbon source in the raw material is converted to a synthetic
gas (instead of the chemical pathway that produces sugar molecules from cellulose). It uses partial
combustion that produces CO,, CO, and H. The produced gases are fed into a fermenter that also contains
a microorganism called Clostridium, which consumes the injected gasses and produces water and ethanol
[121]. The gasification is conducted using four main processes, including reduction (endothermic);
pyrolysis (endothermic); drying (endothermic); and oxidation (exothermic). In, a simplified gasification

process is shown [146].
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Figure 7: Simplified gasification process [146].

The oxidation process provides the required thermal energy to sustain the operating temperature at an
optimal value. The oxidation process is done in the absence of oxygen with reference to the stoichiometry
ratio for oxidizing only part of the fuel. To simplify the system, only hydrogen (from the syngas) and char
participate in the partial oxidation process instead of participation of all the carbonaceous species. In the
combustion product mixture of CO, CO; and H,0O, molecules of N2 will also exist if the biomass oxidation
is conducted using air; otherwise, N, is absent if only oxygen is utilized. In the drying step, the moisture
content of the feedstock is evaporated. Usually, the required heat for drying comes from other stages of the
process. In the pyrolysis step, the chemical bonds are broken, leading to the formation of products with
lower molecular weights. Through pyrolysis, different products and fractions are obtained. The solid
fraction contains high carbon contents and features a high heating value. The solid fraction has inert
materials originally existed in the biomass, which will remain in the form of char and ash residues after the
pyrolysis. The liquid fraction, usually known as tar, differs depending on the gasifier type, and contains
complex organic substances, which can be condensed at relatively low temperatures. The gaseous fraction,
also known as pyrolysis gas, is a mixture of non-condensable gases at ambient temperature [146]. This
combustible mixture of gases mainly consists of CO, H,, CO,, H,0, and CH, together with tar and char

fractions [147].The pyrolysis reactions are occurred in the temperature range of 250-700 °C. These
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reactions are endothermic, and the oxidation step provides the required heat. A biomass feedstock can be
identified by the cellulose chemical formula (C¢H100s) as its building block. Numerous complex reactions
occur in the pyrolysis process. At lower temperatures, the reactions’ kinetic is the limiting step, while at
greater temperatures, diffusion or heat transfer may be the limiting steps. In the reduction step, the reaction
of char with the gas mixture forms the final syngas. The temperature of the reduction step controls the
syngas composition and its characteristics including presence of tar and lower heating value. Elevated
temperatures make the oxidation of char more plausible, leading to the formation of tar. Instead, the chances
of ash sintering and therefore decreased syngas energy content increases. The common temperature range
of the gasification process development is 800-1100 °C. However, the temperature of the process ranges
from 500 to 1600 °C if O is utilized for the gasification step [146]. One of the notable difficulties in the
cellulosic ethanol process is to overcome challenges with high solid mixtures. The mixture of biomass
becomes more viscous and dense when water is added [121,148]. There are some technical and economic
challenges in the cellulosic ethanol process such as improving the enzymatic hydrolysis, considering robust
fermenting organisms which are more tolerant to inhibitors, and implementing process integration to
decrease the number of stages in the cellulosic ethanol synthesis [149]. Even though cellulosic ethanol is
an auspicious sustainable energy, there are some disadvantages; for instance, it tends to absorb the
atmospheric humidity which results in corrosion as well as fuel contamination. These pitfalls make its
transportation difficult using conventional pipes. Moreover, modification of the combustion engines is

required to use cellulosic ethanol as fuel [121].

2.2.5 Artificial Photosynthesis (AP)

Avrtificial photosynthesis (AP) is recognized as one of the techniques for harvesting energy from sunlight
irradiation. In nature, photosynthesis produces chemical energy from the light energy. The reaction between
CO; and water produces carbohydrates (e.g., sugars) that store chemical energy; in the process, the released
byproduct is oxygen [121]. Creating artificial photosynthesis process can benefit the Earth’s living
organisms. It is desired to store the energy of sunlight in high-energy chemical bonds. Researchers have
been successful to break down the water molecules into oxygen and hydrogen at reasonable conversion
efficiencies [121,150,151]. This decomposition has the advantages of producing hydrogen, a carbon-free
energy carrier, that can be used for environmental-friendly electrical power generation [152]. AP is the
process of taking energy from water and sunlight. Three rudimentary stages of photosynthetic water

splitting are: light harvesting by the chlorophyll molecule; facilitated transfer of electrons by tyrosine as a
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catalyst; and sending electrons to the chlorophyll and creating an active surface for water splitting by

manganese complex [121]. The biocatalytic AP process is schematically depicted in [153].

In the natural photosynthesis, the light reaction relates to the Calvin cycle, which occurs through various
redox enzymatic reactions, consuming ATP and NADPH to reduce CO; to carbohydrates. In the biocatalytic
AP, which is inspired from the natural photosynthesis process, the co-factors (e.g., quantum dots, silicon
nanowires, and organic dyes) are restored. The combination of redox enzymatic reactions with photo-
induced energy harvesting and electron transfer can be used to synthesize fuels and other chemicals under
visible light. In the conventional AP method, the inorganic catalysts are used which result in production of
simple chemicals. However if oxidoreductases (i.e., redox enzymes) are used as catalysts, several complex
chemicals such as chiral compounds, fuels, and drug intermediates with high specificity can be synthesized

under gentle conditions of neutral pH, room temperature, aqueous medium, and atmospheric pressure [153].

Light
Donor Donor ox

Photo-Induced Energy Transfer

Eecycle

NAD®)H NAD®)"

Substrate

Redox

Enzyme
Product

Figure 8: Simple layout of Biocatalytic artificial photosynthesis [153].

As mentioned above, the key idea of solar-based fuels is to transform the sunlight energy to new chemical
bonds. In AP, this transformation is by using semiconductors, which absorb the sunlight and produce an
electron-hole pair [154]. The amount of absorbed energy should be adequate to split water molecules to

oxygen by electrochemical oxidation and synthesis of chemical fuels through the reduction of protons and
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CO,. The energy values required for splitting a water molecule into hydrogen and oxygen as well as
reduction of CO; in the methane formation are 1.23 V and 1.4-1.6 V, respectively [121,150]. The energy
gap (or, band gap) in semiconductors is dictated by the type of materials used. To absorb more energy from
a wider solar spectrum, two materials with smaller band gap are employed [155]. The main obstacle in the
AP technique is catalytic process, which is employed for water oxidation and fuels production. In the
advancement of AP, nanotechnology plays a crucial role [156]. Various metals such as hematite, cobalt,
and manganese have been used to produce an inexpensive electrode. The disadvantages of AP are current
challenges with safe storage and transportation of H,. Moreover, the H, catalysts are sensitive to O, and
deactivate fast. Furthermore, there is corrosion problem in aqueous media for the materials used in AP
[121].

2.3 Screening Criteria for Renewable Energy

Locating a suitable place and evaluating its feasibility is the initial step for the development of RE projects.
Therefore, some critical parameters, including resource, utility cost, incentives, economic factors (e.qg., fuel
increment and discount rates), and the facility characteristics are to be closely identified to efficiently
implement RE technologies [157]. Such evaluation can be fulfilled by methods such as geographical
information system (GIS), an algorithm utilizing data acquisition, data management, pre-processing,
product generation, manipulation, and analysis [158]. Similar to FFs, not all the potentials associated with
the RE resources could be completely converted to usable form(s) of energy. Hence, there are different
levels of energy values as potential, theoretical, and exploitable. One of the most commonly used techniques
to estimate the available RE sources is the top-down approach. In Figure 9, the top-down approach for

potential estimation of the solar energy is illustrated [159].

Theoretical Potential
Solar irradiation

Technical Potential
Land cover, efficiency,
accessibility, etc.

Economic Potential
Acceptance, cost,
legislation, etc.
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946 Figure 9: Estimation of the solar energy potential via the top-down approach [159].

947  Site screening criteria were developed for some of the RE sources such as wind, solar, biomass, and
948  geothermal by the Environmental Protection Agency (EPA) in cooperation with the Department of Energy
949  (DOE) and NREL [160]. The developed screening criteria to assess the potential(s) associated with various

950 RE resources are included in Table 4.
951
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953
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Table 4: Screening criteria for evaluation of RE potential [160].

Source Scale Capacity Availability parameter Area Distance to (km)
(MW) Parameter Value (km?) Transmission Graded roads
Solar Utility >6.5 Direct normal >5.0 >0.16 <16 <16
(PV) Policy-driven > 6.5 (kW/(mZ2.d)) >35 >0.16 <16 <16
Large >0.3 >35 >0.01 <16 <16
off-grid N/A >25 N/A N/A N/A
Stirling engine >5 >6.0 >0.16 <16 <16
Concentrated tower >30 >6.0 >1 <16 <16
Wind Utility >10 Wind speed at 80 km 55 >04 <16 <16
Large >5 above ground (m/s) 5.5 >0.16 <16 <16
Turbine sites > 1 (per turbine) 55 >0.01 <16 <16
Off-grid N/A 55(at50m) >0.001 N/A N/A
Biomass Biopower >10 Biomass potential within >280 >0.2 <16 <5 (road); < 13 (rail)
Biorefinery > 37.85 (m®ly) 80 km (Mtly) >700 >0.2 N/A <5 (road); < 13 (rail)
Geothermal Hydrothermal N/A Distance (km) <16 (km) >0.04 <16 <16
Geothermal N/A Tat4.5km (°C) >150 >0.04 <16 <16
(enhanced)
Heat pump N/A T at (near) surface (°C) 10-24
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The selection criteria for planning and implementation of sustainable energy are technical (e.g., safety,
efficiency, and reliability), economical (e.g., payback period, investment cost, and equivalent yearly cost),
environmental (e.g., NO/CO,/CO/SO, emission, noise, and land use), and social (e.g., job creation, social
acceptability, and social benefits) [161]. Several techniques and methodologies have been introduced in the
literature to assess various criteria for proper planning and implementation of renewable energies. A
technique known as multi-criteria decision making has been introduced and successfully employed for RE
planning. Conventionally, weighted sum method (WSM) has been used, mostly in single-dimensional
problems. The optimal (alternative) solution should satisfy the following constraint for set of M alternatives
and N criteria [162]:

wsm = Max Zlivaij wj;i=123,...M (1)

in which, Ajys), represents the best alternative score, N denotes the decision criteria number, a;; signifies
the real value of the i alternative in terms of the j™ criteria, and w; symbolizes the importance weight of

the j criterion.

In the WSM, each alternative total value is the sum of products. The WSM method is not suitable for multi-
dimensional decision-making challenges. For such cases, the so-called weighted product method (WPM)
is proposed which is similar in nature to WSM, but with a main difference that there is multiplication in the
model instead of addition. Each alternative is compared with other alternatives by multiplying a number of
ratios (one for each criterion). In another planning method known as analytical hierarchy process (AHP),
introduced for the first time by Saaty [163,164], a complicated problem is decomposed into a hierarchy
with the objective, being at the top of the hierarchy. The criteria and sub-criteria are placed at the levels and
sub-levels of the hierarchy, whereas the decision alternatives are positioned at the bottom of the hierarchy.
One of the main benefits of AHP is the calculation of an index known as inconsistency, which is the ratio
of decision inconsistency and random-generated index. The importance of such index is that it guarantees

consistency and rationality of the final judgment/decision.

In preference ranking organization method for enrichment evaluation (PROMETHEE), developed by Brans
and colleagues [165], the principle of outranking with respect to a few criteria is performed to level the
alternatives. In this method, six generalized criteria are introduced, including usual criterion, criterion with
linear preference, quasi criterion, level criterion, Gaussian criterion, and criterion with linear preference
and indifference area. To handle diverse qualitative and quantitative criteria, the method of elimination and
choice translating reality (ELECTRE) was introduced in which the threshold values, discordance indices,
and concordance were employed in an iterative algorithm to develop graphs for strong and weak

correlations so that the alternatives ranking could be established. A substitute for the ELECTRE method
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was proposed, which is known as the technique for order preference by similarity to ideal solutions
(TOPSIS), based on selecting an alternative with the shortest geometrical distance from the negative ideal
solutions. In this technique, each feature is assumed to have a uniformly decreasing- or increasing utility,
making it easy to determine ideal- and negative ideal solutions. Therefore, the optimum order of alternatives

is resulted from the comparison of Euclidean distances [162].

Compromise programming (CP) is another technique for planning, decision-making, and screening energy
harvesting from the RE sources. In this technique, the optimal solution is defined as the one with the closest
distance from an ideal point [114]. In multi-attribute utility theory (MAUT), the decision maker’s choice is
considered by establishing a function developed based on the available attributes [162]. For example, to
assess the land suitability for implementing large PV frames, a multi-objective decision making algorithm
such as fuzzy logic ordered weighted averaging (FLOWA) can be used in which technical criteria (i.e.,
solar radiation, land use, and land accessibility), economic criteria (i.e., land slope, grid proximity, and load
poles), and environmental criteria (i.e., hydrographic line, sensitive areas, and dusk/sand risk) are

incorporated [161].

In Canada, the average solar production potential was predicted considering five most inhabited cities in

each province (Figure 10). Clearly, the Province of Saskatchewan and the Yukon Territory seem to be the

best and worst places for solar energy production, respectively [166].
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Figure 10: Map of solar insolation potential for Canadian provinces (kWh/kW/y is the energy in kWh,

produced per year (y) for a given size of the solar power system in kW) [166].

In Mexico, 90% of the states had projects involving RE sources in 2014, and a total number of 204 power
stations with installed capacity of 5.5 GW were either under construction or functional in the country. About
75% of the mentioned power supply capacity was linked to Oaxaca, Veracruz, Baja California, and Nuevo
Leon states, with Veracruz and Oaxaca encompassing the greatest numbers of biomass and wind projects,
respectively. Mexico is among the top five most prominent countries with greatest investment potentials in
the PV solar power projects. Mexico is located on the solar belt, receiving more than 5 kWh/(m?.d) of solar
radiation [167]. Statistical analysis of automatic meteorological stations (AMSs) and surface meteorology
and solar energy (SMSE) data using autoregressive integrated moving average (ARIMA) method showed
that the solar energy source was not adequately exploited in Mexico compared to the other RE sources such
as wind and geothermal. It is concluded that potential use of solar energy could completely satisfy Mexico’s
energy demand [168]. The average daily/annual sum of global horizontal irradiation over a period of 1999-
2018 in Mexico, produced at the end of 2019, is presented in Figure 11 [169].
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Figure 11: Map of the average daily/annual sum of global horizontal irradiation in Mexico (1999-2018)
[169].
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2.4  Advantages and Disadvantages Associated with the RE

In all economies, reliable energy supply is indispensable for heating, lighting, communications, industrial
equipment, and transportation. Around 5%—10% of the total national product in the developed economies
is devoted to the energy purchases. However, in some developing countries, the energy imports might
cost more than 50% of the total exports value. Providing a secure energy supply is an economical
challenge for the sustainable development of the developing nations. The world energy utilization is
advanced more than tenfold over the 20" century, mostly from FFs. In the 21% century, more growth in
the global energy consumption is anticipated because of the rising industrialization as well as the
increased demand in the previously less-developed countries, which is intensified by gross inefficiencies
in all other countries. Regardless of the source of energy, there is a paramount necessity for efficient
generation and utilization of energy. Thus, nearly all national energy plans contain four essential factors
for advancing social benefits from energy: renewable supplies harnessing improvement; supply and end-
use efficiency enhancement; pollution mitigation; and lifestyle consideration [53]. One major advantage
of the RE utilization is its continuous supply owing to its sustainability. The RE facilities usually need
less maintenance than the conventional generators. Their naturally derived fuel decreases the operating
costs. More notably, RE generates little or no waste products such as CO> or other chemical pollutants,
leading to minimal impact on the environment. One particular disadvantage of electricity production from
the RE resources is that the capacity of the RE-based electricity is much less than that from the
conventional FF generators. Another major disadvantage associated with the renewable-sourced energy is
its supply instability. For the RE that relies on the weather conditions, an inherent unpredictability and
inconsistency is present. The economics of the renewable-sourced energy has become continuously
attractive, and therefore, renewable-sourced power generation is progressively turning into a default
power generation option. The technological advances in the RE generation are gradually undercutting the
FFs’ alternatives by a significant margin [170]. A more elaborate list of advantages and disadvantages of

the RE utilization is presented in

Table 5.
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1060
1061 Table 5: Advantages and disadvantages of the RE sources.
Source Advantage Disadvantage
Solar ¢ Renewable and sustainable e High capital/installation costs and long rate on
[171,172] e Less pollutions investment
¢ Reduced dependency on FFs o Large space requirements due to limited efficiency
o Energy security o Expensive (no solar power at night; therefore, there
e Low maintenance cost is a need for a sizable battery bank)
e Job development potentials e The amount of energy harvested for the same power
« Ability in live grid generation depends on the geographical location
o Flexibility in installation place e Visual pollution
« Energy available at night with solar-battery hybrid ~ ® Weather dependent
« Diverse applications (power and heat, electricity) * Mass production of the solar panels is limited by
« Safer than conventional electric current technology, cost, and material supply limitations
o Continuous performance improvement
o Fast technology development
o Federal grants, and tax incentives
Wind ¢ Renewable and sustainable o Intermittent energy source
[173,174] e Reduced FF consumption e Expensive installation
e Job creation potential e Threat to wildlife
o Small land requirement (industrial, domestic) o Noise/visual pollution
¢ Remote power solution at abundant supply o Effect of geographical variations on efficiency
¢ Wind technology becoming cheaper
o Low maintenance/operating costs
e Great future perspective with suitable supply
security
e Short life cycle carbon footprint
Biomass ¢ Renewable and carbon neutral ¢ Not entirely clean
[175,176] e Widely available « Risk of deforestation and biodiversity loss
o Cheaper compared to the FFs ¢ High water demand
¢ Reduces dependency on conventional electricity o Less energy efficient compared to FFs
¢ Reduces the amount of waste in landfills. o Expensive processing
o Multi-product platforms o Harmful to the environment
e Domestic production o Large land requirements
Hydropower e Renewable ¢ Potential of environmental damage
[177,178] « Source of clean energy « High capital cost

¢ Job creation potential

e Stable, flexible, and reliable
o Low operating costs

e Matches current demand

¢ Potential of floods and droughts

o Destroys wetlands/lands

o Dependency on water availability

o Sedimentation decreases power harvesting
e Chance of spreading bacteria/viruses
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Geothermal ¢ Renewable and environmentally friendly ¢ Geographical limitations/dependency

[179,180] o Constant supply, abundance, and accessibility ¢ High capital and operating costs
e Small land footprint e Environmental impacts
o Cost effective and low maintenance o Sustainability concerns
¢ Job creation potential o Seismic instability
e Low noise e Emission potential
¢ Reduces FF dependency o Surface instability
o Great perspective with increased energy security o Expensive electricity cost
o Great for heating/cooling ¢ High power consumption pump

o No fuel required
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3 RENEWABLE ENERGY IMPACTS

Development of the RE resources is accelerated considering some serious issues associated with the
conventional and dominant source of energy, i.e., FFs, such as energy insecurity, non-sustainability, and
damages to the ecosystems. These negative impacts have caused global climate change, water, air, and land
pollutions, and burden on human and animal health. In this section, some aspects of the RE development
are discussed with focus on health and environmental impacts, production and consumption trends,
emerging technologies, and policies and regulations. All energy sources affect health and, especially
environment. The adverse effects of FFs including oil, coal, and natural gas are far more than those from
the RE sources. FFs pollute water and air and harm the public health and wildlife. The renewable sources
such as solar, wind, geothermal, hydropower, and biomass also have environmental impacts. The type and
intensity of the environmental impacts depend on the employed technology as well as the geographic
location. Effective actions can be taken to avoid (or at least minimize) these negative effects through

analyzing the present and potential environmental concerns related to each RE source.

3.1 Energy

In 2015, the total primary energy supply (TPES) worldwide was around 13,647 million ton oil-equivalent
(mtoe), of which 81.5 % was merely from the FFs [181]. The dependency of the TPES on FFs in 2015 and
1971 were 82 % and 86 %, respectively [182]. This is a comparatively slight change after 44 years. The
global cumulative primary energy consumption considering various energy resources is shown in Figure
12, demonstrating an increasing trend for energy production over time [183]. It also shows that FFs have
been historically major contributors to the worldwide primary energy consumption, and the alternative

energy resources have had only a limited contribution to the global energy supply.
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In 2016, the values of the TPES for the North America in mtoe were: coal: 371.5; natural gas: 822.6;
nuclear: 248.03; hydro: 58.96; renewables: 43.01; biofuels and waste: 122.8; and oil: 971.3. There was a
slight increase of 2.4% in TPES for the North America in 2019 [184].
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Figure 12: The share of various energy sources in worldwide cumulative primary energy consumption
from 1996 to 2016 [183].

Total primary energy consumption (TPEC) contributions for world six regions are illustrated in Figure 13;
their 2016 fuel consumption shares in the TPEC is also shown in the same figure [183]. In Figure 13, the
inner circle represents the 2016 energy consumption with contribution of each energy resource in the total
consumed energy in percentage and in mtoe, and the outer red arc denotes the 2016 data on fuel
consumption in the TPEC. Also, the equivalent quantity of CO. emissions (to atmosphere) for energy
consumption is appended in the outermost arc in Figure 13 [183]. According to Figure 13, Asia Pacific
and Middle East together use demand half of the TPEC.
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Figure 13: Global primary energy consumption data for 2016. The exterior blue arc shows total CO,

emission (in million tonnes Carbon Dioxide; mtcd) and the red arcs are equivalent FF consumption (in

mtoe) [183].

Based on the latest report provided by British Petroleum, the TPEC of the world in 2020 was 13300 mtoe,

implying a slight increase. The TPEC values for the North American countries in 2020 in mtoe were: USA:
2100; Canada: 325; and Mexico: 155, sharing almost 19.4% of the world TPEC [185]. The same report
gives information on CO; emission in 2020, mentioning 32018.2 mtcd for the world. The share of the US,
Canada, and Mexico in 2020 in mtcd were 4457.2, 517.7, and 373.2, respectively [185].

3.2 Environment

In energy production life cycle analysis, the main environmental impacts are climate change; air, water and

land pollution; land use; ozone depletion; acid rain; radioactive pollutions; and solid waste deposition [200].

The environmental effects from burning fuels, especially FFs, prevail. Table 6 shows different gas

emissions from combustion of the FFs [201]. Coal has the highest emissions while natural gas has the

lowest ones, which is extensively utilized for the power generation with 1.75 PWh generation in 1990 to

5.9 PWh

in 2017 [201].
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Table 6: Global GHGs emissions for various FFs [201].

Fuel CO»-Eq, g/kWh NO,, g/kWh SO, g/kWh
Natural gas 380-1000 0.2-3.8 0.01-0.32

Oil 530-900 0.5-1.5 0.85-8

Coal 6601050 0.3-3.9 0.03-6.7

Global warming by GHGs (especially CO,) and the air pollution have been comprehensively studied. Based
on the latest information found in the literature from a study done in 2017, the GHGs compositions entering
atmosphere are CO; (72%), CH4 (19%), nitrous oxide (6%), and fluorinated gases (3%) [202]. The global
CO; emissions (in mtcd) and main fuels consumption data are shown in Figure 14 for the period 1966 to
2016, showing a strong correlation between the CO2 emissions and fuel consumption [183]. In 2016, the
global GHG emission was 53.4 giga tons CO; equivalent (Gt CO. eq). More than 92% of this emission (i.e.,
49.3 Gt CO; eq) was resulted from FFs and industrial processes [202,203]. In the same year, CO; share in
the emitted GHGs was 40.8 Gt CO. of which about 89% was resulted from the FFs and industry [203]. The
CO; emitted to the atmosphere can be absorbed by land (~30%) and oceans (~24%). 58% of the CO;
emissions is attributed to the fuel combustion [182]. The Paris Agreement (effective from 2016) has
imposed scenarios for the reduction of GHGs emissions to decrease the world medium temperature to 2 °C
above the pre-industrial amounts by 2050 [204]. The reduction in CO, emission by an average of 3.5% per
year to an ultimate amount of 9 Gt CO- is needed by 2050 to satisfy the Paris Agreement terms; this amount
is near 30% of the existing atmospheric CO; content [205]. According to the latest data released by
International Renewable Energy Agency (IRENA), such major goals must be accomplished in less than 50
years, and it cannot be achieved by 2060 when the global economy becomes threefold unless the expected
growth rate of the RE sources become at least seven times the current value by 2060 [201]. Most of the
CO; emission reduction, estimated at about 75% of the target reduction, is envisaged to be accomplished
by energy efficiency improvement as well as simultaneous employment of various RE resources. A further
14% CO; reduction is expected to be achieved by carbon capture [204]. Biofuels are considered an
alternative to FFs, but with lower energy content. They might also threaten biodiversity through
deforestation, and endanger food security through decreased land, increased price, and biomaterial
availability [206,207]. Table 7 shows the CO emissions of various REs [208].
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1139

1140 Figure 14: Global emissions of CO, from FFs (measured in mtcd), from 1966 to 2016 depicted in the
1141 primary y-axis. Equivalent consumptions of three types of FFs, measured in mtoe, are also expressed in

1142 the secondary y-axis. Note that crude oil, oil sands, shale oil, and natural gas liquids are all incorporated

1143 in the oil resource [183].
1144 Table 7: Global CO, emissions of various energy sources [208].
Energy Source Emission (gCO,/kWh)
Hydropower 2-75
Wind 4-24
Solar PV 9-300
Geothermal 11-78
Biomass 14-650
Ground source heat pumps 65-189
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Woaste-to-energy 97-1,000

Air source heat pumps 138-276

Carbon intensity is an indicator of the amount of CO2 emitted per unit of energy supply. The US’ s carbon
intensity from energy sector was 51.43 tCO»/TJ in 2020 [209]. The CO. emissions in the US in 2020 by
fuel were 2016 million metric ton (Mt) for petroleum; 1675 Mt for natural gas; and 861 Mt for coal. These
emissions in 2050 will be estimated at 2241, 1924, and 631 Mt for petroleum, natural gas, and coal,
respectively. Therefore, CO, emission from natural gas in the US will increase in the coming decades.
Emissions from the transportation sector in the US increased by 10.5% in 2021. However, the emissions of
the US transportation section decreased by 15% in 2020 due to the lockdown and travel bans from the
COVID-19 outbreak. Transportation is responsible for higher than 50% of total CO, emission in eleven US
states. California has the second-highest CO. emission of the US transportation emissions after Texas. Even
though Texas is the largest transportation-related emissions in the US, it only shares 33% of the total CO,
emissions of the states. Canada’s CO, emission from FFs combustion and industrial processes was 535.8
million metric tons in 2020. The emissions were 8% lower in the emission compared to 2019, due to the
COVID-19 outbreak and its related impacts. This emission was 192.7 million metric tons in 1960. CO;
emissions by source in 2020 in Canada were: oil: 246; gas: 219; coal: 45 in million metric tons. Alberta has
the highest GHGs emissions in Canada. Transportation sector in Canada produced 159 million metric tons
of CO2 in 2020. Road transportation is the highest source of transportation emissions in Canada. In Mexico,

CO; emission from FFs combustion was 407.7 million metric tons in 2020 [210].

Climate change in accelerating the wildfire season duration. Seven of California’s 20 biggest wildfires took
place between January 2020 and August 2021. The highest weather and climate disasters in the US took
place in 2020, leading to minimum $1 billion. Considering other events such as severe storms, cyclones,
wildfire, and droughts, the cost of damage exceeded $95 hillions. During the 2016-2020, the mentioned
disasters were responsible for 3,969 deaths. The US ranked first in the G20 in terms of yearly average
losses. It is estimated that the US’s population will increase by 16% by 2025, becoming more urbanized.
This results in higher vulnerability of the people to the weather events (e.g., heatwaves) [209]. It is estimated
that the Canada’s population will increase by 21% by 2050. The higher urbanization will lead to greater
risk of hazards, such as flooding and extreme heat to the people. The cost and frequency of the disastrous
weather conditions in Canada over 2010-2019 doubled compared to previous decades, causing C$18 billion
losses. Canada lost 37.52 khaly of forest over 2015-202 along with the decreasing trend of deforestation.
Temperature rise in Canada’s Arctic and northern territories is decreasing sea ice, and increasing glaciers

loss and permafrost thaw, contributing to the significant effects on the wildlife and ecosystem services.
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Yearly weather-connected deaths in Canada are low as much as 0.04 per 100,000 inhabitants (ranked 18"
in the G20) [211]. Mexico has the world’s largest biodiversity, and it includes 12% of the Earth’s
biodiversity. It is encountering threats from losing habitat because of the temperature rise. Mexico confronts
threats from its water quality and supply since the precipitation is estimated to decrease by 3-10% by 2050.
Increased rainfall intensity and increasing sea level causes an increase in the saltwater infiltration into

aquifers risk in Mexico [199].

3.3 Health

An extensive review on the negative impacts of energy on human health by Smith and co-workers [186]
distinguished the health effects among individual fuels. Solid fuels (coal, biomass and charcoal) have the
greatest level of impacts on the human health [186]. Based on the world health organization (WHO) report
in 2018, 3.8 million people die from various illnesses (stroke: 18%, pneumonia: 27%, chronic obstructive
pulmonary disease: 20%, ischemic heart disease: 27%, and lung cancer: 8%). Some of these health issues
are related to the household air pollution originated from the improper utilization of kerosene and solid
fuels for heating and cooking [187]. Solid biomass and charcoal have the greatest shares of bioenergy while
coal provides about one-third of the share of the total energy from FFs. Approximately 34 % of the total
primary energy production was supplied by the solid fuels (i.e., 28 % from coal and 6 % from solid biomass
and charcoal) in 2015 [188]. In general, all forms of energy have negative health impacts, even those that
might be considered green or clean energy. For example, the hydroelectric projects have the risk of
spreading infection diseases such as schistosomiasis and malaria [189]. In the case of energy capture by
solar cells, the risk of silicosis is involved during the silicon mining process [190]. Also, in the solar cell
fabrication process, there are risks due to exposure to toxic metals or gases [186]. In addition, the disposal
of cells after use represents a solid waste issue. Wind turbines bring minor problems related to continuous
sound and noise (i.e., swishing, whistling, and throbbing) [191]. Nuclear energy can bring radiation-induced
cancer in the operation [192] and lung cancer among the mining workers [193]. Obviously, the health
dangers of the alternative and RE are much less in frequency and severity than those of the FFs, and a
paradigm shift towards the RE supply will benefit the global public health [186]. Other health issues
originated from the FFs and bioenergy pollutants such as particulates (PMzs and PMsg), CO, SO,, NOy,
non-combusted hydrocarbons, and polyromantic hydrocarbons are well documented [186], and we do not

provide them here for brevity.

Combustion of gasoline containing additives results in cancers affected by the ultra-fine particles and

aromatics. The pollution from FFs causes one of five deaths in the world. In the US, there were 350,000
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premature deaths due to the FF-related pollution in 2018. Pennsylvania, Ohio, and West Virginia had the
largest number of deaths per capita. It is estimated that the yearly cost of the health impacts resulted from
the FF-produced electricity in the US is $886.5 billion [194]. By replacing the FFs with the clean/REs could
reduce the identifiable mortality in the world and in the US by 65% and 84%,respecytively [195]. The
combustion of FFs leads to fine-particulate air pollution, causing the estimated premature death number of
14400 in Canada. The estimated cost of this type of air pollution for Canada is about $53.5 billion per year
in health-relevant expenses. Air pollution has been proven to be harmful during pregnancy [196], increasing
the risk of miscarriage [197]. The annual mean PM_s value determined by WHO in 2011 was 10 pg/m?.
Based on the Ambient Air Pollution database of WHO in 2014, the five most populate cities (e.g.,
Monterrey, Mexico City, Puebla, Leon, and Guadalajara) of Mexico had higher levels of PM5 than the
determined value by WHO [198]. The population of Mexico is estimated to be increased by 23% by 2050,
contributing to increased risk of public health and emissions from energy use and transportation. In Mexico,
more than 48,000 die annually due to the air pollution from stroke, lung cancer, heart disease, and chronic

respiratory diseases [199].

3.4  Policies and Regulations

Reliable and economical energy availability supports our wellbeing and prosperity. However, it is evident
that our energy usage pattern is affecting the environment. The climate change is one of the extreme and
most crucial concerns threatening humanity. Therefore, any action on the climate change has consequences
for the way that energy is used. Energy policies are the actions that governments take to influence the energy
supply as well as its demand. The actions comprise of the ways (i.e., treaties, mandates, subsidies, and other
incentives) in which governments deal with the energy supply disruptions and their attempts to affect the
economy growth and energy consumption. Consideration of the social, economic and environmental
aspects of energy usage is a requirement for a modern energy policy [212,213]. Making a between the
energy demand and supply is an elaborate task, necessitating advancement of organizations and
management systems as well as advancements in science, technology, and knowledge [214]. Transition to
the low-carbon electricity generation needs private investments into technologies devised for electricity
generation from the RE sources. Public policy may indirectly encourage investment in the RE through
carbon pricing or directly through RE support schemes and quantity-based instruments such as renewable
portfolio standards (RPSs), feed-in tariffs (FITs), and auctions [215]. These mechanisms are evaluated and
compared based on their efficacy in establishing technology, reducing economic costs, and providing a

stabilized investment setting favoring the capital [214]. RPS is a US state-level renewable electricity policy,
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designed to boost the renewable electricity sector by dictating to the electricity suppliers to incorporate a
certain amount of electricity in their retail sale portfolios from the RE sources [216]. There are various
difficulties associated with RE-related policy making. For instance, private investors need stable policy
rules to make long-term investments. Moreover, policy makers need some extent of freedom to regulate
policy incentives over the course of time [215]. The US energy policies should stimulate some inherently
competitive factors such as energy efficiency, energy security, decarbonization, research and innovation,
which all have received considerable attention recently from policy makers who are willing to facilitate

socio-technical systems toward sustainability [217]

In the context of energy management, major national, regional, and international regulatory agencies have
directly or indirectly (e.g., through climate change treaties) promoted the use of RE. These agreements or

treaties are outlined below in the chronological order [218]:

e 1972: Stockholm Declaration on Human Environment (UN)

e 1981: UN Conference on New Renewable Sources of Energy (UN, GA Resolution 36/193)

e 1987: World Commission on Environment and Development (Brundtland Commission)

e 1991: European Energy Charter

e 1992: Rio Declaration on Environment and Development (UN)

e 1992: UN Framework Convention on Climate Change

e 1994: Energy Charter Treaty

e 1997: Kyoto Protocol (UN International Treaty)

e 2002: World Summit on Sustainable Development

e 2002: Agenda 21 (UN)

e 2010: Sustainable Energy for All Initiative (UN, GA Resolution 65/151)

e 2015: International Energy Charter

e 2015: The Paris Agreement (International Panel on Climate Change, IPCC)

e 2015: 2030 Agenda for Sustainable Development and the Sustainable Development Goals (UN,
GA Resolution 70/1)

Practical innovations in RE technologies are significant motivations at the national and sub-national levels.
Responsibility for the RE innovation policy development is usually distributed across numerous
stakeholders with various interests. Policy decisions are confined by institutional, social, and economic
factors. These hurdles might be surmounted by supporting the strategies with wider energy development
targets, and by growing the stakeholders’ network beyond the RE itself. Effective RE innovation policy

managements satisfy two extensive norms: to endorse sustained multi-stakeholder engagement around an
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attainable vision and to properly position a country/region to benefit from the RE technology [219]. Current
policies, such as FF energy subsidies, can largely affect the national and regional capacity for the RE
technology establishment. Further, the existence of a national energy policy, whether or not it contains
particular incentives for the RE technology utilization, plays an important role in the RE technology
capacity [219,220]. Existing economic development policies often positively forge the RE technology
development. For instance, policies to form regional economic clusters are already being used in numerous
developing countries providing visions for the type and location of the expected electricity demand growth.
Moreover, current policies to encourage university enrollment or technical education can offer further

required capacity for the RE technology innovation [219,221].

According to the RE roadmap prepared by IRENA in 2015, the RE share in the US energy market
combination in 2010 was 7.5% [222], comprising of 2.5% renewable power, 1.6% biofuels (liquid), and
3.4% solid biomass that were used for buildings heating and manufacturing. Following the current schemes,
the RE share in the total US energy roadmap is expected to grow to 10% by 2030. In this RE roadmap, it
was indicated that improving the share of RE to 27% of total US energy consumption with RE technologies
existed in 2015 was plausible. It was also estimated that the US economy could save between $30 to $140
billion per year by 2030 through increasing the RE share to 27% considering the benefits from decreased
health impacts and CO, emissions. This 27% improvement in the RE share would necessitate a surplus
investment of $38 billion per year in energy capacity over the business, leading to the total investment flows
into the RE capacity of $86 billion per year. If the predicted RE distribution was fulfilled by the target year
2030, the CO; emissions in the US would be decreased by 33% in comparison with the 2005 level.
Moreover, the RE share in the total US energy consumption was estimated to increase from its 2015 value
of 14% to nearly 50% in 2030. For accomplishing this objective, the grid system would have needed to be
improved with the investments and technologies to reinforce interconnection and transmission. Substantial
potential for the RE technologies lies in the end-use sectors of the industry, buildings, and transportation.
In this case, biofuels, solar thermal heat, and electrification technologies capable of consuming the
renewable power (e.g., heat pumps and electric vehicles) could encounter significant development.
Therefore, market trust requires to be built by policy support that must be reliable, foreseeable, and ongoing
for long-term. The US will not be able to benefit from this significant potential unless an extensive and

systematic policy is established [222].

Implementation of energy policy in the US is conducted at local, state, and federal levels. Therefore, an
orchestrated nationwide effort is required to overcome the inactivity inertia in economic and regulatory
agencies. There are some recommendations to consider in order to increase the RE share in the total energy

market. First, some longstanding tactics should be planned to support the RE development relying upon

54



1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314

1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328

1329

1330
1331
1332
1333
1334

achievable goals. Under unclear policy settings, risks associated with the investments escalate, and,
therefore, the cost of energy technology development increases. Hence, policy settings should provide
suitable situations for investing as well as building investors’ confidence. Second, the RE should be
integrated into relevant energy systems. This can be achieved by improving the efficiency of electricity grid
system using breakthrough technologies such as energy storage, responsive load, waste heat, hydrogen fuel
cell, and smart grid technologies. Third, knowledge creation and management should be accompanied by
unleashing innovation. Even though the state of knowledge on RE in the US is strong, there ought to be
some efficient programs to promote knowledge, educate the public, manufacturers, and users on RE,
continuously support innovations in the current as well as new RE technologies, and develop financial plans
to establish and employ cost-efficient RE technologies [222]. One of the research projects, which was
carried out on the generation of electricity in the US, recommended the following procedure to formulate
the US national RE policy, which could be further improved, for example by including more AHP scenarios
[223].

e Selection of RE alternatives for evaluation

e Establishment of the selection criteria

e Formulation of an AHP model incorporating the viewpoint of the policy maker to initially define
targets/goals according to the benefits solely

e Conversion of the local goals to the national ones

e Review of the existing renewable electricity generation and record/notice the gaps between the
established portfolio and the existing generation

e Utilization of the ration of benefit to cost to select the policy drivers for RE goals or determination
of the financial incentives where there are gaps

e Reformulation of the AHP model considering the viewpoint of the investor to be capable of
promoting RE investment in low-ranked regions

e Review of "low benefits, low cost” energies at a local instead of national and establishment of
guidelines for defining local renewable electricity targets

e Elimination of “low benefits, high cost” technologies

Canada is ranked 4" in the world in renewable power generation. Hydro is the prevailing source of the
electricity in Canada, which is approximately 60% of the installed capacity and generation. Five provinces
and territories produced their massive portions of electricity from hydro in 2015. The share of electricity
generation from hydro was 86% in British Columbia, 97% in Manitoba, 95% in Quebec, 95% in

Newfoundland and Labrador, and 94% in Yukon. In spite of numerous policies and programs in support of
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the RE, the capacity increase in Canada has been restricted due to the low growth in the electricity demand
and the long operating life of the current facilities. The development chances have been narrowed by the
local opposition and cost concerns. Canada’s GHG emissions coming from the electricity sector is 11%.
There was a 40% decline in emissions for the period of 2000-2014 mainly due to the termination of coal
plants operations in Ontario and some other initiatives to decrease the GHGs emissions in Nova Scotia and
New Brunswick [224].

In May 2015, new targets to reduce the GHGs in Canada were announced for a 30% reduction with respect
to its 2005 level by the year 2030 [225]. Some regulatory targets, known as renewable portfolio standards,
were embraced by several provinces and jurisdictions in Canada that a certain portion of electricity should
be produced from renewable sources by a certain date. The revenue for the RE projects is enhanced by the
revenue support policies usually through extended contracts. These policies support the provision of most
renewable projects in Canada. The contracts are granted via diverse mechanisms that differ in terms of level

of support, objectives, and overall design. These programs are:

e Requests for proposals (RFPs) which are specifically devoted to renewable power projects.

e FITs which usually offer standardized and extended contracts, specified for a particular technology.

e Standing offer programs (SOPs) for renewable projects, which enable applicants to apply at any
time the program becomes effective. Contrary to FITs, the SOPs offer secured payments, that are
normally identical for all RE technologies.

e “Contracts for differences” are the ones that the buyers and sellers settle a flat rate. In the open
market, electricity is sold by the producer, who receives whatever price is offered by the market.
Consequently, either party makes payment to the contract to satisfy the differences between the flat

rate and the market rate.

Net-metering programs are other mechanisms that endorse renewables, allowing consumers to produce
their own electricity and either use it or sell the excess generated electricity to the grid to balance the
purchased power. The other mechanism that supports renewables is RE credits or certificates (RECs) which
are saleable energy products reflecting the environmental properties of the renewable power. RECs are
produced by an authority agent for each MWh of energy generated from qualifying renewable sources and
are given an exclusive number for tracking purposes. The other strategy to support the renewable power is
the cost reduction policies that contain tax breaks and government loans and policies, such as carbon
pricing, that affect electricity prices, and might also boost the competitiveness of the renewable power.
Further, the “time-of-use pricing” policy proposes various prices for the consumed energy relying upon the
time of use. These policies usually advocate solar projects which generate electricity for the period of peak

demand when prices are higher [224].
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In Mexico, the Secretariat of Energy (SENER) designs the energy policy, especially for the electricity
system. The government controls the processes of distribution and transition. The Mexican government
gives subsidy to minimize the energy cost, representing 0.75% of gross domestic product (GDP). The
average rates of electricity are 25% greater than those in the US even with the inclusion of subsidy. The
amounts devoted to the conventional electricity subsidy can be utilized for the development of RE. It is
expected that the amounts of power generation potential for wind, solar, and biomass are 19,805, 16,351,
and 2,396 GWhly, respectively [226]. The incentive system in Mexico includes integration of small and
large scale residential and industrial generation plans along with tax incentives, with greater diversity of

policies authorizing for more dispute [227].

The investigations revealed that over the 18-year period, the US had the densest RE policy output with 81
policies, followed by Canada with 50, Mexico with 22, Brazil with 16, and Argentina with 13 policies. The
scope of RE policies and the integration indicator were greatest in the US in terms of intensity, and Canada’s
RE policies had the highest intensity for its budget indicator thus far. The US’s individual state RPS and
Canada’s New Brunswick Energy Blueprint represents the extensive objectives that policy making
encompasses, incorporating energy independence, environmental protection, and economic security. The
US’s California, New York, and Maryland and Canada’s Nova Scotia, New Brunswick, and Ontario are
undoubtedly more active in RE policy making than others, and are in charge of many policies, which usually
aim different government sectors. In Mexico, six federal departments having local state divisions cooperate
with the academic institutions and research centers, establishing the highest number of political actors in
the field. Most of these policy networks are controlled by the federal government, analyzing the few policies
made at the state level [228].

4 TREND IN RENEWABLE ENERGY DEVELOPMENT

4.1 Worldwide Trend of Renewable Energy

In 2015, the world’s TPES was about 13,647 mtoe, excluding the energy supplied from non-renewable
waste and fuel cells, of which 13.4% (1,823 mtoe) was supplied from the RE sources [181]. The share of
each individual RE source in the world’s total RE supply in 2015 is shown in Figure 15 [181]. Biofuels
and waste together are the major contributors (70.7%) to the total RE supply, with the following breakdown:
63.7% from biofuels and charcoal; 4.3% from liquid biofuel; 1.7% from biogas; 0.9% from renewable
municipal waste. Hydropower is the next major contributor with 18.3% share in total global RE supply in

2015. The shares of geothermal, wind, and solar (and tide) are 4.1%, 4.0%, and 3.0%, respectively.
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1400  The long-term product share of different RE sources in the total RE supply in the organization for economic
1401  co-operation and development (OECD) countries for the period of 1990-2016 is shown in Figure 16 [181].
1402  This plot demonstrates a stable production up to 2001, followed by an increase in the total RE production
1403  due to the growth rate associated with photovoltaic cells, wind turbines, liquid biofuels, and biogas [181].
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Figure 16: Product share of total RE supply in the OCED countries [181].

In Figure 17, the average annual growth rates associated with various RE sources are compared over a
period of 26 years (1990-2016) globally in panel (a) as well as between the OECD countries (Panel (b))
[181]. The top five RE sources with the greatest worldwide annual growth rates are: 1) solar PV (45.5%),
2) wind (24%), 3) biogas (12.8%), 4) solar thermal (11.4%), and 5) liquid biofuels (10.1%) [181]. In the
OECD regions, the use of liquid biofuels grew much faster, with a growth rate of 41.7%, than its global
average share (i.e., 10.1%) [181]. The international energy agency (IEA) estimated that the share of the

renewable electricity production will rise by more than 30% until 2022 [229].
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Figure 17: Plots of average annual growth rate in the period 1990 to 2015 for (a) global RE supply and
(b) OECD countries [181].

In 2010, the global RE scenario and the projections until 2040 were reported by Kralova and Sjoblom
(Figure 18) [230]. The data in Figure 18 are converted from mtoe to %. According to this figure, a
continuous increase in the share of the RE in TPES is observed, reaching a maximum of about 48% in 2040.
The bioenergy share in the total RE supply is expected to slightly decrease from 79% in 2001 to about 52%
in 2040. According to these projections, the energy supplied from the bio-materials will still cover more
than half of the total RE supply in 2040 [230].
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Figure 18: Global RE scenario for 2001-2040 [230].

Bioenergy production for electricity is the fastest growing sector among all the bioenergy applications since
2008 (i.e., baseline), with a growth rate of nearly 100% until 2015. This value is about 70% for the biofuels
used for transportation, and only around 10% for the bioenergy utilized for heat. The long-term trend in the
biodiesel production and consumption over a period of 2001 to 2016 was presented by IEA in 2017 (Figure
19), showing an overall production growth [229]. For instance in 2016, a total production of about 37
million barrels of biodiesel was obtained, a considerable growth compared to the 2015 production data at
about 30 million barrels [229]. The energy statistics also show that a majority of the liquid biofuel were
ethanol and biodiesel with an increasing growth in the past 15 years; and hydrotreated vegetable oil had
only a marginal contribution to the biofuel. Liquid biofuels contributed about 4% of the total fuel consumed
in road transportation [231]. The United States and Brazil dominate the ethanol production, following by
Europe [231]. The major challenges and limitations that impede the global commercialization of liquid
biofuels are: meeting reduced GHG emission levels (i.e., 50% less than the emissions from conventional
transportation fuels) during life cycle assessment [232], feedstock deficiency [233], land availability [234],
and water resource availability [235,236]. On the other hand, the advantage of biodiesel relative to other
bioenergy sources is the ability to integrate it into the existing petroleum-based fuel systems with little or
no change to infrastructure. Biodiesel derived from sustainably-sourced biomass, such as algae, strengthens

this advantage.
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Figure 19: The trends in biodiesel production/consumption from 2001 to 2016 in the world [229].

The annual investments in the RE sources, categorized by technology type, in the period of 2013-2016
were reported by IRENA, and plotted in Figure 20 [237]. The total investment values are $239, $289, $330,
and $263 billion for 2013, 2014, 2015, and 2016, respectively. The solar and wind energies have the greatest
shares in the investments. The total RE investment value has constantly increased from 2013 to 2015, and
then decreased by around 20% from 2015 to 2016. The reason is that the developers drove to settle the
projects before the planned feed-in tariff (FIT) declines in China [237].
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Figure 20: Global annual investment in the RE sources, categorized by technology type [237].

In the same IRENA report, the investments on the RE sources were also categorized according to “fund
source”. The private sector provided about 87% of the total RE finance between 2013 and 2016. The
average finance figures during 2013-2014 and 2015-2016 were $223 billion and $270 billion, respectively,
with a peak value of about $300 billion in 2015. The public sector investments fluctuated 12% to 16% of
the total value over 2013-2015, with the smallest share of only about 8% (i.e., $21 billion) in 2016.
However, considerable public resources are dedicated every year to execute a variety of support policies

for endorsing RE utilization, containing regulatory instruments and financial incentives [237].

4.2 Trend of Renewable Energy in North America

The utilization of RE increased 3% in 2020 as demand for other fuels decreased. The main reason was 7%
growth in the generation of electricity by REs. Priority access to the grid, continuous installation of new
plants, and long-term contracts built the REs growth in spite of lower demand of electricity, challenges of
supply chain, and the construction delays in numerous regions of the world. There was 29% increase in the
global electricity generation, and the utilization of bioenergy in industry improved 3%. Solar PV and wind

contributed to almost 67% of the RE growth. China’s share in the global growth in the renewable electricity
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in 2021 was almost 50%, followed by the US, the European Union, and India. As China will play a leading
role in the PV market, the US will continue expanding it PV industry with the continuous support from the
federal and the state level [28]. North America has the potentials to establish a productive network within
the continent’s regional energy systems to achieve a 100% supply of REs due to the availability of diverse
forms of the RE resources including solar, hydropower, geothermal, wind, biomass, and waste-to-energy
[29-32]. As the energy production costs of the RE sources start to compete with conventional FF resources,
it has become more plausible to envision relying completely on the RE-based energy systems. Such
optimism is envisioned from substantial growths in the North American wind and solar photovoltaic (PV)
energy resources in the past couple of years [29,33]. The US has the greatest potential for the solar energy
in North America where solar is the most rapid growing energy production because solar PV is the least

expensive power source [34].

The total RE capacity of the North American countries is displayed in according to an IRENA report
published in 2018. In this figure, there is a noticeable difference in RE capacity among US, Canada, and
Mexico. Clearly, US improved its RE capacity by 97%, which is a significant growth while Canada and
Mexico only increased their RE capacity by 26% and 47%, respectively. Even though the growth of the RE
capacity for Mexico was much higher than Canada, the latter had much higher RE capacity in 2017 [238].
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Figure 21: Total RE capacity for the North American countries [238].
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1483 In, the total RE capacities in GW for the North American countries are demonstrated during the period of
1484  2008-2017. Clearly, the greatest capacities in all the RE categories existed in the US, with the only
1485  comparable trend being the hydropower capacity in Canada. Moreover, there needs to be significant
1486  improvement in all RE capacity developments in Mexico, particularly in solar energy category where there

1487 s great potential [238].
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1489 Figure 22: Total RE capacity for the North American countries (RW: Renewable Waste) [238].

1490  The total RE production for the US, Canada, and Mexico during 2007 to 2015 is illustrated in . It is clear
1491  that Mexico experienced a gradual increase in RE production by 28% over this 9-year period while Canada
1492  had a slight increase of about 12% in RE production. Dominantly, the US featured the greatest RE

1493  production among the North American countries, with an increase of about 56% RE production over the

1494  period [238].

64



1495

1496

1497

1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513

1200

- 395 529 481
800 | oo, 4W2 347 458
600
400
200
0

2007 2008 2009 2010 2011 2012 2013 2014 2015
Year

[y
o
o
o

Total RE production (TWh)

mUSA mCanada = Mexico

Figure 23: Total RE production in the North American countries for the time period of 2007-2015 [238].

421 TheUS

Several power plants are manufactured every year in the US. Based on the energy infrastructure update
report prepared by Federal Energy Regulatory Commission (FERC), 98% of all new electricity generation
plants constructed in January and February of 2018 were renewable. According to this report, the total new
electricity generated in the US during the first two months of 2018 was 2,173 MW; of that 1,568 MW was
generated from the new wind farms, 565 MW was produced from the new solar installations, 40 MW was
created from the new natural gas plants, and none was produced from coal. This implies that the US is
eventually moving away from the FFs when it comes to electricity generation [239,240]. Recently, FERC
reported that the RE resources for electricity generation, including hydropower, wind, solar, geothermal,
and biomass, provided additional electricity generation capacity from January to September of 2020. For
all the new utility-scale electrical capacity added throughout the first three quarters of 2020, 64.1% was
originated from RE sources whereas the balance was provided by natural gas and coal plants. According to
the September 2020 report published by FERC, the share of RE-generated electricity will significantly
increase by September 2023, particularly for wind- as well as solar-sourced electricity generation with net
increases of 27.3 and 32.8 GW, respectively. The report concludes that the RE sources combined will add
larger than 6.4 GW of net new generating capacity to the US by September of 2023 while the new net

capacity from oil, natural gas, coal, and nuclear power will decrease nearly 11.5 GW [241].
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The RE production and consumption in the US is presented in . In (a), the RE production in ten major state
producers during 2005-2015 is presented. It reflects that some of the states had considerable improvements
during this period. Texas and lowa increased their RE production by 317% and 236%, respectively, while
the states of Washington and California had only minor improvements during this period [242]. The RE
consumption in these ten states are also presented in (b). As expected, Texas and lowa enhanced their RE
consumption by 369% and 232%, respectively. However, Washington and California had the largest RE

consumptions during this period [243].
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Figure 24: The RE production (a) [242] and consumption (b) [243] in the US by states in the time period
of 2005-2015.

Continuing on the RE status survey in the US, the RE consumption by sector for the time period of 2005 to
2017 is shown in . According to this figure, a slight increase in the commercial as well as residential
consumptions are observed. Moreover, the RE consumption in the transportation sector grew more than
triple in this 13-year period. As expected, the greatest consumption was in the industrial sector wherein the
energy consumption increased from 548 TWh in 2005 to 739 TWh in 2017 [244]. According to a report
published by US EIA, the industrial sector consumed 32% of the total US energy consumption in 2018.
Another report from the US EIA states that nearly 25% of all electricity consumption was related to the
industrial sector [9]. Moreover, the solar energy consumption of the US residents increased from 4.92
quadrillion Btu in January 2005 to 28.67 quadrillion Btu in April 2016 [245].
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Figure 25: The US RE consumption by sector from 2005 to 2017 [244].

4.2.2 Canada

1In 2011, in the electricity sector, hydroelectricity has the largest share of RE in Canada, contributing to
almost 60% of the total electricity generation. Other non-hydro RE sources, such as wind, biomass, solar,
and tidal increases this share by 3% [40]. The remaining energy demand was supplied from nuclear and
FFs at 14% and 22%, respectively [40]. Considering these statistics, more than 78% of the electricity
generation in Canada did not emit GHGs [40]. The collaboration among the federal, provincial, and
territorial governments in Canada has resulted in significant utilization of the RE sources to satisfy the
annual energy demand. This has been spurred through several initiatives such as procurement (request for
proposals), offset programs, legislated renewable portfolio standards (RPSs), and standard offer and feed-
in tariff (FIT) programs [40]. For instance, the government of Alberta has targeted 30% of the province’s
electricity to be provided by hydro, wind, and solar together by 2030 [41]. British Columbia, Newfoundland
and Labrador, Quebec, Manitoba, and Yukon, with considerable hydropower sources, are the main

exporters of electricity in Canada. Manitoba also exports some of its electricity production to the US [40].

With respect to “CO- emission from fuel combustion” indicator, Canada was among the top ten leading

countries worldwide in 2015 in reducing the environmental damage originated from use of FFs [225]. The
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primary energy structure in Canada in 2015 is depicted in Figure 26, which illustrates the key energy
sources along with their contributions in the country’s overall energy portfolio [225].
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Figure 26: Major energy production sources in Canada in 2015 [225].

A comparison between the amount of electricity generation in Canada from the RE sources in 2005 and
2016 is presented in Figure 27(a). The total amount of electricity generated from all sources, including
renewables and non-renewables (i.e., coal, natural gas, oil, and diesel) were 602.43 and 652.375 TWh in
2005 and 2016, respectively. The share of hydro in the total energy generation slightly reduced from 59.5%
to 58.8% while the share of wind improved from 0.2% to 4.7%. Moreover, the share of biomass incremented
from 1.3% to 2.0%, and the share of solar increased from 0% to 0.5% [246]. In Figure 27 (b), the total
amount of electricity generated from the RE sources in the provinces of Canada is plotted. It is clear that
Quebec had the greatest electricity generation from all the renewable sources among the Canadian
provinces. Quebec generated 95.2% of its electricity from hydro in 2016, and its electricity generation from
wind considerably increased from 0.2% in 2005 to 3.6% in 2016. With 7,360 GWh of electricity generation
from wind in 2016, Quebec had the second maximum wind-sourced electricity generation after Ontario.
Based on the National Energy Board report in 2017, Montreal, as the largest city in Quebec, had the
minimum residential electricity bill at about $72 for 1,000 kWh in comparison with the Canadian mean of
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$129 per 1,000 kWh. In addition, the intensity of Quebec’s GHG generation was the lowest in Canada,
emitting 1.2 g GHG/kWh in comparison with the Canadian mean of 140 g GHG/kKWh. [246].
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Figure 27: Electricity generation in Canada: (a) based on renewable resources; (b) based on province
[246].

4.2.3 Mexico

Mexico, as a significant oil-producing country, has outstanding solar power potential throughout the
country. More than 75% of the country is covered with desert-like landscapes with a medium solar power
radiation of about 5.5 kWh/(m2.d). Mexico’s geography brings rainfall and wind potentials. In addition,
there are volcanic faults, which are favorable for the electrical energy generation [42]. Mexico has targeted
electricity production from clean energy sources at 35% by 2024, 40% by 2035, and 50% by 2050 [43].
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In 2015, sources for electricity generation in Mexico were provided from natural gas (57%), hydroelectric
(12.9%), coal (11.1%), fuel oil (8.8%), diesel (0.6%), coke (1.4%), uranium (3.2%), geothermal (2%) and
other RE sources such as wind, solar, bagasse, and biogas (3%). Considering the small contribution of total
RE sources in electricity generation in Mexico in 2015, the Mexican government planned to achieve a 35%
RE contribution in electricity generation by 2025. In six major Mexican states (Aguascalientes, Baja
California, Baja California Sur, Durango, Guanajuato, and Sonora), more than 6 kW/(m?.d) electricity was
produced from the solar energy in 2015. These states have an overall installation capacity as well as power
generation capacity of 65.2 MWh/y and 62 GWhl/y, respectively. Overall, Mexico has an installation
capacity of about 5,000 GW electricity production from the solar energy [226]. Comparing the RE
consumption by sectors between Canada and Mexico during 2013 to 2015 (Figure 28), it is clear that
Canada had greater RE consumption in all sectors compared to Mexico. However, the US had the greatest
RE consumption in North America, taking into account the data incorporated in . Mexico had a minimal
record in the transportation and commercial sectors. In Mexico, the greatest RE consumption belonged to

the residential sector while Canada’s most RE consumption was done by the industrial sector.
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2014
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Figure 28: The RE consumption by sector for Canada and Mexico from 2013 to 2015.

In 2020, the total worldwide RE capacity was 2.8 TW, with 15% as the North American share of which the
contributions from the US, Canada, and Mexico were 69%, 24%, and 7%, respectively [10]. For instance,
out of total world capacity of solar energy of about 713,970 MW, the US, Canada, and Mexico’s
contributions were 75,572 MW, 3,325 MW, and 5,644 MW, respectively [10]. Based on an IEA report from

2021, there was a 3% increase in the RE utilization in North America. The RE share in the global electricity
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generation increased up to 29% in 2020. The generation of electricity by RE in 2021 grew by more than
8% to achieve nearly 8,300 TWh, which is considered the best annual improvement since the 1970s. In
addition, wind and solar PV are settled to supply about two-thirds of the RE growth in North America.
China accounts for nearly half of the global improvement in the RE-sourced electricity generation in 2021,
followed by the US and the European Union. The greatest increase in the RE generation belongs to wind
with more than 17% growth, which is significantly greater than its contribution in 2020. In 2021, China and
the US are expected to produce 600 and 400 TWh of energy from wind, respectively, which in total
contributes to more than half of the global wind-sourced energy generation. Focusing on the PV market,
the US continues to expand it considering the state- and federal-level support policies. Moreover on a global
scale, electricity generation from solar PV in 2021 is believed to increase by 18%, approaching 1,000 TWh
[247].

5 CHALLENGES IN DEPLOYMENT OF RENEWABLE ENEGY

Six energy development targets that usually embody the energy development pathways are recognized as
energy security, cost, access, modernization, international competitiveness, and GHG emissions reduction
[219]. The challenges in the deployment of RE can be extensively categorized into technical challenges
(e.g., RE intermittent nature, integration of distributed energy systems, need to energy storage system and
related challenges) and nontechnical challenges (e.g., initial investment, social acceptance, and land

acquisition) [248]. In this section, the challenges in deployment of the RE are discussed.

5.1 World Challenges

There are numerous challenges in deployment and global acceptance of the RE industry, including
government policy, political pressures, aged infrastructure, corporate influence, lack of proper power
storage system, and the current market strategy. The most significant obstacle in RE adoption is cost,
especially the costs related to building and installation facilities. Solar and wind are the cheapest energy
sources. However, there is a considerable difference in the average installation cost for a solar power system
and a gas-fired power plant. The installation costs of a large-scale solar power system and a small-scale
residential solar system are about $2,000/kW and $3,700, respectively. This cost for a new gas-fired power
plant is only $1,000/kW [249,250]. demonstrates the typical RE systems overall cost and payback periods
[208].
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1630

1631 Table 8: Overall cost and payback periods of various RE systems [208].
Energy Source Average Cost (E/kW) Average Payback Period
(YYear)
Hydropower 1800-2000 4-7
Solar 3000-5000 7-10
Wind turbine 4500-6000 13-19
Heat Pumps 6000-14000 5-15
Biomass 7500-9000 12-13
1632

1633  Near 14% of the world population (1.1 billion people), live in developing sub-Saharan Africa and Asia and
1634  do not have access to electricity, revealing the significant importance of investment in the power plants and
1635 electricity infrastructure [251]. depicts the World trend in installed capacity of REs from 2010 to 2020
1636  [252]. This figure clearly shows that there has been a significant improvement in the installed capacity of
1637  solar energy from 41.6 GW in 2010 to 716.2 GW in 2020.
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Figure 29: Global installed capacity of REs [252].

The challenges concerned the deployment of REs are summarized in Figure 30. Development of REs is
highly affected by the technological development. The cost of the RE development will decrease when the
technology employment increases with time. The governments can accelerate the RE development through
regulations, and incentives for capacity increase and its utilization. Extending the market and improving
the customer satisfaction will help the RE producers to compete with the conventional energy producers. If
the cost of a given technology is higher than that of a competing alternative, an economic barrier beholds
even under the optimal conditions of the market. Non-economic barriers are play significant impacts in the
REs cost. The significance of each barrier varies depending on the technology and market. When a

technology matures towards commercialization, its priorities will change [44].
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Figure 30: Barriers to the deployment of RE technology [44].

RE technologies can be uses as standalone or integrated (or hybrid) systems. The benefits of REs increase
with more utilization of smart grids. Since the energy production from RE sources is varying (i.e.,
intermittent), additional challenges are involved in the integration of RE sources within the power system.
Therefore, continuous monitoring and changes to the operation and the power system planning are required,
given constraints such as economy and reliability. The potential challenges in the RE integration are of
technical, financial, and societal types. The technical challenges include reliability and security,
predictability, storage capacity, and power system planning and risk management. The financial challenges
are cost allocation, cash flows, and energy conversion cost. The societal concerns involve demand side

management and consumer engagement [44].

Technology roadmap is a flexible and robust method for the integration of technology and business and
strategy planning, which is broadly used in industry. Scenario-based planning is extensively used in the
development of the RE technology roadmap at sector and national levels. The scenario analysis is used to
determine different alternatives of the technologies future state, needs, environment, and policies.
Comprehensive analysis of the scenarios increase the roadmap quality by incorporating uncertainty in the
future needs and environment [253]. Jacobson et al. [31] prosed roadmaps for each of the US States to
convert all their energy systems (e.qg., electricity, transportation, and heating) to the systems to be entirely
powered by wind, water, and sunlight (WWS). They stated that 80-85% and 100% of the current energy
could be replaced in 2030 and 2050, respectively. They recommended energy efficiency measures (e.g., to

expand the standards of RE and energy efficiency resource), energy supply measures (e.g., to increase
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RPSs), utility planning and incentive structures (e.g., to incentive the utility-scale grid storage
development), transportation (e.g., to promote more public transit by enhancing its availability), industrial
processes (e.g., to offer financial incentives for industry to utilize electricity and electrolytic hydrogen for
high temperature and manufacturing processes), and state planning and incentive structures (e.g., to devise
a green building tax credit program for the corporate sector) as first steps to help conversion to WWS at the
state level [31]. They also offered roadmaps for 139 countries in the world to convert all their energy from
WWS, leading to 100% conversion by 2025 [254]. The complete WWS transition needs a shift to electric
power generators, including offshore and onshore wind turbines, concentrated solar power, solar PV on
rooftops and in power plants, tidal and wave power, geothermal power, and existing hydroelectric dams. It
also needs electricity, cold, heat, and energy storage [255]. In another study, the roadmaps for the transition
of 53 cities and towns in the US, Canada, and Mexico to 100% WWS were developed, and one of the
findings was the avoidance of around $393 billion per year in the global warming costs in 2050. It was also
claimed that 100% WWS conversion with the current RE technologies is economically and technically
feasible despite the political and social barriers. Reduction of these barriers requires education, information
dissemination, effective policies, and individuals’ actions [256]. Long-range energy alternatives planning
system (LEAP) is another tool to analyze the sustainable energies. It is used to determine challenges related
to the expansion of RE technologies in the Central Europe. A minimum cost pathway was developed to
accomplish a sustainable energy in the region by 2050. By considering different scenarios, it was concluded
that GHGs reduction target could be achieved if 100% RE policy is established [257]. Renewable power is
intermittent and subject to great levels of uncertainties in the wind and solar energy availability. Therefore,
flexibility is a key factor in the adaptation of RE generation technologies. Moreover, it is vital establish
electricity storage capabilities to accommodate the uncertainties in wind, solar, and the demand. In addition,
it is essential to manage the electricity transmission system based on an optimal planning for the maximum
exploitation of RE sources and minimum unwanted stochastic behaviors. Mixed-integer stochastic
optimization programming and clustering methods can be used to analyze the design and operation of the
integrate electricity grid simultaneously. According to the findings, the economic performance of the
stochastic model is better than the average deterministic scenario. By including the uncertainties into the
electricity grid design and the optimization of the grid operational decisions in real-time, the integration of
the RE technologies into the customary electricity grid can be addressed, given the uncertainties in supply
and demand [258]. In another study that considered the variability of RE sources, GRIDSOL project
developed a methodology that determined the most suitable way for a region to achieve a effectively RE
generation mix, including a thorough set of conditions (e.g., supply security, land availability, and water
use). It was concluded that energy storage is required at the system level to have a considerable RE share

[259]. In another research proposing the REs roadmaps, Mauleén [260] optimized the investment
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deployment for the individual REs. Employing the levelized cost of energy (LCOE) criterion, it was
suggested that the roadmaps should concentrate on the end target values (i.e., shares of various energy
sources, capital amounts, and horizon date) instead of particular investment paths. Moreover, concentrating
on the optimization and matching supply-demand can be a more useful approach compared to roadmap
design under only cost minimization [260]. In a recent study, it was emphasized that the transition of energy
is a socio-technical process needing considerable changes in technology (e.g., 4" generation district

heating), society (e.g., community energy), and policy (e.g., incentives) [261].

5.2 Challenges in North America

The US has the capacity to be the global leader in transition toward the RE. The country has the best
resources of solar, wind, hydro, geothermal, and biomass in the world. Moreover, it embraces the dynamic
culture of innovation, financing prospects, skilled workforce, and commercial business sectors. Through
playing a major role in successfully implementing such a transition, it can become the world’s second
largest consumer of the RE after China, utilizing 13% of the world’s energy production in 2030. According
to the RE roadmap 2030 drafted by IRENA in 2015, the RE share in the US energy market combination in
2010 was 7.5%, comprising of 2.5% renewable power, 1.6% biofuels (liquid), and 3.4% solid biomass that
were used for buildings heating and manufacturing. Following the current schemes, the RE share in the
total US energy roadmap is expected to grow to 10% by 2030. In this RE roadmap, it was indicated that
improving the share of RE to 27% of total US energy consumption with RE technologies existed in 2015
was plausible. It was also estimated that the US economy could save $30 to $140 billion/y by 2030 through
increasing the RE share to 27% considering the benefits from decreased health impacts and CO, emissions.
This 27% improvement in the RE share would necessitate a surplus investment of $38 billion per year in
energy capacity over the business, leading to the total investment flows into the RE capacity of $86 billion
per year. If the predicted RE distribution was fulfilled by the target year 2030, the CO; emissions in the US
would be decreased by 33% compared to the 2005 level. Moreover, the RE share in the total US energy
consumption was estimated to increase from its 2015 value of 14% to nearly 50% in 2030. For
accomplishing this objective, the grid system would have needed to be improved with the investments and
technologies to reinforce interconnection and transmission. Around 75% of the total US RE utilization in
2030 will be obtained from wind farms and different bioenergy resources with plausibility of a rich mix of
the RE technologies. Wind energy has the highest growth potential in the US for power production from
renewable resources. The best wind energy resources in the US are located in the Midwest, extending from

Texas to North Dakota. Based on the RE roadmap 2030, a fivefold rise in the onshore wind production
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capacity is forecasted from 63 GWe in 2014 to 314 GWe by 2030. Further, in the same period, offshore
wind energy harvesting is expected to add another 40 GWe. To facilitate such a transition, the US requires
huge investments in its transmission groundwork. Focusing on PV and CSP technologies, there have been
significant declines recently in the prices of solar PV technologies as well as commencement of numerous
landmark CSP plants. The RE roadmap 2030 foresees that the total installed solar PV capacity could reach
135 GWe by 2030 in comparison with 7 GWe in 2012 [222]. Solar energy is proven successful for process
heating because of the significant developments in efficient and cost-effective solar technologies. To
estimate the heat demand and evaluate solar applications, the temperature variations in industrial units must
be closely monitored. About half of the US’s energy-intensive manufacturing industries (i.e., pulp and
paper, food and beverages, etc.) need temperatures 300 °C or less, which are the best candidates for solar
energy rather than using heat from FFs [262]. Substantial potential for the RE technologies lies in the end-
use sectors of the industry, buildings, and transportation. In this case, biofuels, solar thermal heat, and
electrification technologies capable of consuming the renewable power (e.g., heat pumps and electric
vehicles) could encounter significant development. Therefore, market trust requires to be built by policy
support that must be reliable, foreseeable, and ongoing for long-term. The US will not be able to benefit
from this significant potential unless an extensive and systematic policy is established [222]. includes the
installed capacity of the REs in the US, Canada, and Mexico [252], showing a significant increase in the

installed capacity of solar and wind energies in the US.

Table 9: Installed capacity in the North American countries in 2010, 2015, and 2020 in GW [252].

Country USA Canada Mexico

Year 2010 2015 2020 2010 2015 2020 2010 2015 2020

Energy Source

Solar 3.4 23.4 75.6 0.25 2.5 3.3 003 0.2 5.6
Wind 39.1 726 1177 4 11.2 13.6 0.5 3.3 8.1
Bioenergy 10.3 13 12 2 2.5 2.4 0.4 0.7 1
Hydropower 82.5 83.4 83.8 74.9 79.2 812 116 122 127
Geothermal 2.4 2.5 2.6 - - - 1 0.9 0.9
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Considering the US massive arable land resources, forest and mills, and unutilized waste and methane from
landfills, there is considerable potential for biomass to be utilized in heating, especially in the manufacturing
industry. Biomass has the potential of power generation at the total amount of 84 GWe by 2030. The US
has the best geothermal resources in the world, mostly in the west; however, only 10% of its potential is
being used. The RE roadmap predicts a surplus of 18 GWe in power generation capacity using geothermal
energy, which contributes to another 6 GWe under present plans. Hydropower dominates the renewable
power generation in the US in 2015; however, it has bounded capacity for new massive-scale advances.
This limit can be tackled through retrofitting turbines at the current dams and adding power generation
facilities at non-powered dams. The predicted increase in the RE utilization in the US is shown in Figure
31 [222].
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Figure 31: The US total RE utilization by 2030 [222].

There are challenges in the growth of the REs in Canada. Electricity prices in Canada are among the lowest
in the world. Even though costs have been reduced for wind and solar power due to technological
developments and massive production, it is still challenging for these comparatively expensive renewable
sources to face the market share in numerous areas. Projects can encounter public criticism and approval
delays. To gain approval to establish new projects can be challenging, and sometimes projects confront
serious opposition from local property-owners. Moreover, local people may also be worried about multiple
impacts, such bird strike for the case of wind turbines, flooding due to the dams, and effect on wildlife
habitat from huge solar projects. Further, renewables pose operating difficulties to the power grids.
Moreover, solar and wind power are sporadic resources that produce power only when the Sun shines and

the wind blows. To operate an electricity grid consistently, supply must satisfy demand continuously
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without any interruption. In other words, solar and wind powers require support to lessen the renewables’
appeal and cost-competitiveness. Since the Canadian energy demand is commonly constant, development
in the renewables usually takes place as replacements for the existing production instead of responding to
a new demand. Over the last decade, this happened when coal-fired generation was indispensably cancelled,

and substituted with the renewables in Ontario [224].

In Mexico, there are considerable investment opportunities to improve the RE utilization; however, there
are some challenges hindering the RE development such as energy strategy, policies, technology, and
incentives. A proper energy strategy deals with developing methodologies to assess feasibility of RE
utilization in short terms. The public organizations tend to utilize the cheapest energy source, which is FF
considering the significant conventional and unconventional resources in Mexico. The economic
justifications combined with the lack of advancements in the RE harvesting technologies make the energy
prospective and policies dependent on FF reserves and demotes the RE resources. To reorganize this
unfavorable energy portfolio, economic and fiscal incentives should be offered. The potential of some RE
sources such as wave power as well as low-enthalpy geothermal energy needs to be considered. Moreover,
investing in exploration of the RE sources, especially in the geothermal power, is required. Some
organizations such as Federal Electricity Commission, Energy Regulatory Commission, and Ministry of
Energy offer numerous incentives such as energy bank, preferential rate of energy transmissions, and net
metering to promote participation of the private sector in the power generation from the RE sources [167].
These suggestions could embrace a national plan for the RE production, establish financial plans to help
small producers of the RE, standardize procedures for the contracts of the electrical grid to ease up starting

new projects, and encourage research, development, and educational programs [167].

The COVID-19 pandemic could affect the availability and distribution of the governmental budgets,
devising policies, investment decisions of developers, as well as financing availabilities for the RE markets
through 2025. This will make a pause in the RE market that has been continuously and rapidly growing in
the past five years. Numerous countries are developing extensive programs to address the ongoing
economic breakdown. To rebuild and sustain the economics affected by the pandemic, some countries
might provide incentives related to the renewables. In 2020, solar PV and wind developers won auction

bids at low prices, ranging from $20/MWh to $50/MWh. Such events should be repeated in emerging
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offshore wind markets in North America and Asia. There is no evidence so far that COVID-19 pandemic
has impacted these deceasing trends in costs. For instance, manufacturing overcapacity of solar PV is

believed to attain record levels in the upcoming years [263].

6 SUMMARY AND REMARKS

The RE evolution over the past decade has exceeded all expectations. In 2019, RE has a capacity growth
of 7.4% with a net power growth of 176 GW [201]. The world production and installed capacity from all
the RE sources have significantly improved and supporting policies have continued spreading to more
countries in all the global regions. Numerous features made the foundation for such a fast development.
Several energy crises, e.g., beginning in the 1970s, and the following economic declines emphasized the
role of energy for both national and economic security. Simultaneously, a group of advanced countries,
such as Spain, Denmark, Germany, and the US shaped critical markets for renewables to help fuel the past
decade of tremendous market growth. Moreover, rising stress on mitigating climate change and concerns
about its impacts has accelerated the momentum for RE development. Even though the last decade has
experienced incredible improvements in the electricity sector, the renewable cooling and heating sector has
not progressed in parallel with the other RE sectors. Knowing the reality that the share of cooling and
heating in the ultimate energy demand is much greater than that of the electricity, greater growth of the RE
in this sector is essential. Considering the expected technological improvements in the discovery and
extraction of the fossil fuels (FFs), their cost will continue being competitive with carbon-free sources for
several years. The adoption of clean-energy technologies needs to be expedited if the climate risks
mitigation is to be fulfilled in a timely manner. This urge provides numerous opportunities and challenges
for science, engineering, and policy. To speed up the utilization of economically viable clean-energy and
REs, the governmental policies and regulations play a strong role to encourage invention and innovation.
The cost of RE is rapidly becoming competitive with the other sources of energy. It is plausible to stimulate
the transition to sustainable energy that increases economic growth, improves energy security, and lessens
the risks of climate change. This can happen with the prudent engagement of the scientific, financial, and

public policy communities.

The majority of people in the US, Canada, and Mexico recognize the development of a thorough clean
energy policy as “important”. The public significantly supports the RE policies in these three countries;
however, about 20% of the survey participants in the US stated moderate to strong opposition. Canadians
are more supportive of the RE policies and show greater concerns about the climate change compared to

Americans. About half of the people in Canada and the US and one-third of the public in Mexico usually
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have limited information on the climate change mitigation. From the continental viewpoint, about one-third

of the people are uncertain about supporting any RE policies [264]. The main findings/analyses of the

review are summarized below:

North America, being the second producer and consumer of the global energy, shares almost 20%
of the world primary energy demand. While Canada uses its considerable capacity for hydropower
generation, the US and Mexico are still dependent on the coal, natural gas, and nuclear power. The
storage and technological costs associated with the RE are decreasing, particularly for the solar PV
[265].

The US requires embracing sustainable and RE harvesting and conversion systems minimize the
environmental, macro-economic, social, and health costs that would have otherwise imposed by
using FFs. The US needs to decrease its GHG emission by 28% until 2025 and by 83% until 2050
compared to the emission levels in 2005 [266].

Significant investments in the RE, especially in solar and wind are required to meet the
abovementioned objectives in the US. The promotion of such investments can be fulfilled at the
national level through various tax credits, and at the state level through inclusion of a fraction of
RE in the energy needs [266].

Due to the distances between the resource regions and the population centers, small size of
production facilities, as well as the periodic nature of some RE sources, the cost of investment in
transmission is greater for renewable power.

Considerable time is required to build a suitable grid for transmission and distribution of high shares
of the RE due to the several institutional hurdles, containing a lack of applicable energy system
development and prolonged permitting processes.

Satisfying the demand increase for biomass in all sectors, investments are required to advance
supply-chain logistics and recovery operations.

Transition to higher shares of the RE is dependent on the capital stock turnover rate that differs
considerably from sector to sector.

Conventional energy plants in the US are coming to their lives proposing the opportunity to invest
in the new RE capacity. However, capital stock turnover depends on reliability constraints, relative
generation expenses, and the age profile which might lead to the prolonged lifetime outside the
technical limit.

Canada needs to develop technologies for wind, solar, and hydropower utilization that are gradually
lessening in cost. The problems of unbalanced distribution of energy supply and demand, energy

storage issues, and the economy stimulation can be tackled by the right incentives and rigorous
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attempts. Canada is able to extremely improve in RE technologies through investment, research,
and effort.

The possibility of non-linear relationship between the economic activity and RE needs to be
examined in order to determine the effect of RE on the entire business loop in Canada. It is also
critical to focus on the specific qualities/features and feasible transmission mechanisms
accompanying each type of the RE source. The predicted relationship between the economic
activity and RE production is not inevitably identical when evaluated over different courses of time
(e.g., between months) [225].

In 2015, Mexico’s commitment to energy transition was stated via the Energy Transition Law,
targeting to open the Mexico’s energy market to competition and to adopt clean energy
technologies (e.g., strategies of decarbonization). There are four reasons, reflecting a comeback
from the Mexico’s energy transition, including clean energy auctions cancellation, transmission
tariffs increase, critical trials indefinite suspension for new projects including the RE sources, and
a new energy strategy, discouraging the ensuing of RE sources projects [267].

The most concerning issue in the support of Mexico’s RE potential is economic. Mexico can make
progress in the RE utilization through strong national plan, detailed financial mechanisms, simple
procedure for electrical grid development, and efficient research and development programs.

Due to the intermittent nature of the RE sources, certain challenges are required while integrating
RE sources with the current power systems.

The most considerable barrier to RE adoption is cost, especially the costs related to building and
installation facilities.

The significance of each barrier differs depending on the technology and market.

Energy storage is an essential element for the electricity network in the future for satisfying 70%
goal of the electricity generation by REs. The storage provides flexibility to satisfy the balance
between supply and demand, and helsp efficient and fast integration of REs [268].

Thermal energy storage from REs can decrease the CO2 emissions through saving huge amount of
energy. Improved capacity to encourage the greener energy integration with larger cycle lifetime,
higher efficiency, and greater discharge time abilities could be considered as future advancements
in the energy storage [268].

Further improvement in solar-wind technologies will considerably decrease the cost of hybrid REs,
leading to higher cost-effective system [269].

A modern/sophisticated control method can be employed to guarantee optimum resource allocation
considering the demand and the REs forecast. Artificial intelligence can be used to enhance the

hybrid REs operation as a part of the energy management system [269].
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A lot of research needs to be carried out focusing on the availability of temporal and spatial RE sources and
energy demand in the individual geographical features as no sole technological solution has been come up
yet. Moving towards 100% RE requires increase in the RE technologies deployment and establishment of
detailed/effective policies to fill up the enormous practice gap [265]. For Example, lately, more than 130
international companies and 65 cities and towns in the US committed themselves to transition to full
clean/RE in one or more energy sectors by between 2030 and 2050. Following the significant importance
of transition to RE, investigation on the transition of 53 cities and towns in North America (US, Canada,
and Mexico) to the utilization of wind, water, and solar energy for all energy needs reveals several
considerable benefits (e.g., avoidance of about 9750 premature air-pollution death per year today, decrease
in the global warming cost of $ 393 billion per year in 2050 (2050 USD)) [256]. Moreover, the analysis of
the complete life cycle of RE systems is required to determine the environmental and social impacts of RE
transitions [270]. Technologies and their specifications evolve with time and it is vital to continuously
review and update the roadmaps [253]. Even though a roadmap is properly designed, has well-defined
objectives/goals, and committed participants, it still requires a dedicated audience to apply it. Policy
officials and industry experts must be involved into the process since they can authorize the resources for
the completion of roadmap and dedicate to implement its outcomes [271]. It is worth mentioning that it is
crucial to properly choose and order the attempts and investments to secure an effective transition to
sustainable RE systems within the limits of sustainable development [261]. Using hybrid systems is
considered effective REs application when the requirement are identified by techno-economic and
environmental impact analysis of the energy storage system. It is important to plan installation of the energy
storage devices using the green energy sources, considering their functionalities, characteristics, and the
required standards. For instance, research is required to improve the capabilities and properties of the
materials in the thermal, electrical, electrochemical energy storage devices [268]. In addition, detailed

investigations are required in operation and control of hybrid REs [269].
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