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Abstract: Climate change already affects all inhabited regions of the world, with human influence
contributing to many observed changes in climate extremes and to mitigate this trend, important
decisions have been taken by different world organizations and countries to achieve global net-zero
emissions. At the European Union level (EU27 countries), two of the main pillars for achieving
carbon neutrality are: (1) The “Energy Efficiency First principle” in the formulation of energy
policy and in taking relevant investment decisions and (2) the electrification of the energy sector,
supported by generating electricity through endogenous renewable energy sources. In this context, a
comprehensive review was carried out on what has been developed by the scientific community and
main international energy organizations on the electrification of the energy sector. Additionally, with
the purpose of better understanding the state of the art of a country regarding the decarbonization
process, the Portuguese energy vectors were identified in terms of which ones can and should be
electrified by 2050, based on the data available from Eurostat (2019). Portugal is a country highly
dependent on imported energy (78%), where the largest energy vector is from oil and petroleum
products (68%) mostly used in the transport sector, where the electrification of the sector will be
increased gradually until 2050. However, other decarbonized solutions, such as biofuels and synthetic
(green) fuels cannot be ruled out and should be the subject of future work and considered for the
decarbonization goals to be achieved in 2050. The main conclusions reflect that there is still a
long way to go, much like the rest of the world, as it is necessary to electrify the equivalent to
almost all the energy presently imported by Portugal, a tough challenge considering the need for its
generation to be decarbonized. In this context, energy efficiency must play an equivalently important
role to significantly reduce current energy demand, leading to more cost-effective and resilient
energy services.

Keywords: decarbonization; electrification; energy transition; energy efficiency; net-zero emissions;
final consumption; energy balance flow

1. Introduction

Climate change is the biggest challenge for humanity. It is no longer an exclusive prob-
lem of the scientific community, but rather a global problem, where a direct intervention of
all world leaders is necessary and in the decision-making process for the implementation
of cost-effective measures to reduce greenhouse gas (GHG) emissions. However, it should
be noted that citizens, as final consumers, also have a fundamental role, therefore raising
their awareness should be part of the final equation to overcome this challenge.

The impacts caused by climate change are already known and are worsening as time
goes by, causing, for instance, destructive extreme weather events, food insecurity, water
and other natural resources scarcity, biodiversity loss and environmental degradation,
accentuating social and economic inequalities, extreme and severe poverty, and hunger,
aggravated by deficiencies in health and educational assistance and care [1–6]. Despite the
identified issues and the recognized effort already under implementation, GHG emissions
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caused by human action, have increased sharply in recent decades due to economic and
population growth, leading to a fast increase in the consumption of fossil fuels. Carbon
dioxide (CO2) is the main contributor to the so-called greenhouse effect, being a direct
consequence of the use and burning of fossil fuels such as carbon, oil, and gas for energy
production purposes, as well as deforestation and land use transformation [7].

In the European Union (EU), the energy sector was responsible for 77.63% of green-
house gas emissions in 2019 [8], of which the transport sector accounts for a quarter. The
emission of GHG within the agriculture sector contributes 10.30%, industrial processes
and use of products contributes 8.80%, and waste management contributes 3.27%. Given
the above situation, urgent, and effective measures must and will have to be taken, to
decarbonize the current energy sector to mitigate climate change and limit warming to
1.5 ◦C [8–13].

It is important to look at the relationship between energy consumption and economic
growth, as well as between economic growth and GHG emissions. Several studies have
been conducted on these topics. However, empirical evidence remains controversial and
ambiguous, although the “GDP growth–energy relationship” study [14] demonstrated a
clear link between GDP (Gross Domestic Product) growth and energy consumption. In
some developed regions of the world, such as Europe, as presented in Figure 1, in the last
few decades, it was possible to observe a decoupling between economic growth and energy
consumption, being also possible to observe at the same time, an increase in electrification
of the economy.
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A comprehensive study [16] that focused on the causal relationship between carbon 
dioxide emissions, energy consumption, and economic growth concluded that energy 
conservation policies, such as energy efficiency management and control of carbon 
dioxide emissions, are unlikely to harm actual production growth. Another study [17] was 
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emissions, given that in emerging countries (with a growing economy), the results show 
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Figure 1. Trends in energy intensity, gross domestic product, and gross inland energy consumption
in the European Union (created using data from [15]).

A comprehensive study [16] that focused on the causal relationship between carbon
dioxide emissions, energy consumption, and economic growth concluded that energy
conservation policies, such as energy efficiency management and control of carbon dioxide
emissions, are unlikely to harm actual production growth. Another study [17] was carried
out with a focus on panel data from 68 countries over the period between 2001 and 2017
for developed, emerging, and the Middle East and North Africa (MENA) countries. Based
on the estimated results, it is recommended that policymakers should adopt strategies
focused to adopt environmentally friendly technologies to decrease CO2 emissions, given
that in emerging countries (with a growing economy), the results show a decrease in CO2
emissions, despite the increase in energy consumption.

Although the existing literature reveals that empirical studies differ substantially and
are not conclusive for presenting policy recommendations, the EU leads the world decar-
bonization process of the energy sector through a comprehensive legislative framework,
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which has been designed since 2015, providing strategic tools at the Member State level for
the creation of the Energy Union.

The regulation (EU) 2018/1999 of the European Parliament and of the Council of
11 December 2018 [18], defines the legislative basis needed for reliable, inclusive, cost-
efficient, transparent, and predictable governance of the Energy and Climate Action Union.
This governance mechanism creates conditions to ensure that the Energy Union’s 2030
and long-term objectives and targets are met, in line with the 2015 Paris Agreement on
climate change, following the 21st Conference of the Parties (COP) to the United Nations
Framework Convention on Climate Change (the ‘Paris Agreement’) [19]. Thus, the Energy
Union is established according to a five-dimensional plan: energy security; internal energy
market; energy efficiency; decarbonization; and research, innovation, and competitiveness.
This strategy promotes a sustainable, safe, competitive, and accessible Energy Union, as
well as a leader in research and innovation through the attraction of investment in the
energy sector.

With the focus on the energy sector, energy policies aimed at increasing energy ef-
ficiency and electrifying the economy have been defined. At the European level, it is
mandatory to implement the “Energy Efficiency First” principle, and there is the objective
of achieving the decarbonization of the energy sector by 2050. In short, the energy transition
is already underway, all over the world, especially in Europe, due to the Paris Agreement
fulfilment and the approach to the beginning of the implementation of the National Energy
and Climate Plans (NECPs), as the main instrument of energy and climate policy for the
period 2021–2030, for each member state. The “Energy Efficiency First” principle involves
a transversal look at the entire energy sector, including its consecration in the narrative of
economic decarbonization, implying the reinforcement of the implementation of renewable
energies and consequently the electrification of all activity sectors. However, the regulation
reveals a striking gap between assessment and enforcement [20].

Since the required technologies are in general mature enough, it is foreseeable that
the first sector to achieve the goal of total electrification in the 2050 horizon, will be the
buildings sector [21]. For this reason, the member states, as well as the cities, have been
defining aggressive policies towards a carbon-free future, causing radical changes towards
the electrification of the sector. In this context, local authorities also play a key role in this
global challenge, given that it is in cities that half of the greenhouse gas emissions are created
in and by cities, largely due to most of the population living and working in cities [22].
Furthermore, cities are the lungs of energy consumption in society’s economic activity,
fed by complex energy networks, where it is imperative to implement radical changes
to adapt to economic and energy digitization. Therefore, there is no doubt that the main
actors in the implementation of local sustainable energy policies are fundamental, thus, the
Pact of Mayors for Climate and Energy came to complement the NECPs. This initiative
comes voluntarily, committing local authorities to implement sustainability policies in their
geographic territories, built around three pillars:

1. Mitigation (emissions reduction target of at least 40% by 2030 compared to baseline);
2. Adaptation to climate change;
3. Access to secure, sustainable, and affordable energy.

In this context, the voluntary local authorities assume the commitment to decarbonize
cities, through the implementation of a Sustainable Energy Program and Climate Action
Plan (SECAP). Additionally, the implementation of SECAP will allow the creation of clean,
smart, and healthy cities, benefiting from European support and recognition of citizens,
without forgetting to increase urban green spaces areas to promote healthy living [23].

The increase in electrical energy consumption, supported by the increase in pene-
tration and diversification of electrical loads, will mitigate the objectives of final energy
reduction. Therefore, the reality is that energy efficiency will be fundamental in the different
electrification strategies, as well as the origin of the generation of this energy vector. In
this context, the consumer should play an important role in the rationalization of final
energy consumption, thus avoiding energy waste in final consumption. Moreover, the final
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energy consumer will have a much more active role, since the decentralized generation of
renewable energy will become increasingly common, transforming consumers into “pro-
sumers”, i.e., who consume and produce at the same time, not forgetting that they may
play a significant role in local energy storage [24].

On the other hand, much is said about the process of “electrification of the econ-
omy”, however, there is considerable uncertainty surrounding how this process should
take place [25–30]. Currently, the production of electricity is increasingly generated from
renewable sources, thus switching from technologies that use fossil fuels to those that
use electricity will generally reduce GHG emissions and the energy dependence of most
member states. Additionally, due to a radical change in the technologies used, the main
cost will be in local investments, which will result in a large increase in the creation of
jobs [31–33] in the EU, as well as a reduction of the import of fossil fuels. Therefore, the gain
will never be just environmental. On the other hand, with the increase in electrification, the
load on the electric power grids also increases, becoming a potential gain, including the
environment and financial results of the electric utilities.

With the energy transition on the doorstep to a decarbonized economy [34], the role
of electrification is essential, however, it can never be fully implemented without energy
efficiency being the priority. This results not only from the implementation of the principle
of “Energy Efficiency First”, but because a set of opportunities for energy efficiency in
buildings, transport, and industries [35] will allow energy savings by switching from
inefficient fossil fuel technologies to more efficient electrical technologies, while at the same
time, they also provide financial, environmental, health, and property benefits.

In the context of consumer benefit or the public interest, the Regulatory Assistance
Project (RAP) [36] stated that one of the three conditions must be guaranteed, without
prejudice to the others: (1) In the long term, consumers will save money; (2) benefits
the management of the electrical network; and (3) decreases negative environmental im-
pacts. However, not all electrification is beneficial or efficient. For example, everything
that is equipped with electrical resistance for low-temperature heating is generally ineffi-
cient equipment.

Factors specific to each country, region, or city are important, namely political, regard-
ing economic factors in the choice of fuel type, climate and grid capacity, or load profiles. To
a large extent, each member state will inevitably have to outline its policies for electrification
and its link to energy efficiency based on the assessment of market conditions, planning
of available resources, and involvement of all interested parties. It will be a long process
with unexpected difficulties, however, this process must be idealized as the best method
to predict the future is to plan it, looking first at energy efficiency opportunities, which
will make it possible to reduce energy consumption directly and indirectly. Therefore, it is
imperative to ensure that with economic electrification, the energy consumption needed is
reduced to a minimum of the real needs.

Several policies have been designed for this transition, and efforts to implement them
are experienced over time. In 2018, the EU presented the 2050 long-term strategic vision
for climate neutrality, where energy transformation is the guiding line for a decarbonized
economy. On 14 January 2019, the Commission presented “The European Green Deal”, a
roadmap to make a sustainable EU economy, which provides an action plan to:

1. Boost the efficient use of resources through the transition to a clean and circular economy;
2. Restore biodiversity and reduce pollution.

The plan also describes the necessary investments and the available financing instru-
ments, in addition, it explains how to ensure a fair and inclusive transition so that in 2050
the impact of Europe on climate is neutral. Figure 2 illustrates the several elements of the
Green Deal adopted by Europe.
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To achieve these objectives, it is necessary to act in all sectors of the economy, including:

1. Invest in technologies that are not harmful to the environment;
2. Support industrial innovation;
3. Implement cleaner, cheaper, and healthier forms of public and private transport;
4. Decarbonize the energy sector;
5. Ensure the improved energy efficiency of buildings;
6. Cooperate with international partners to improve global environmental standards.

All European initiatives carried out in recent years have been taken towards the total
decarbonization of the economy by the 2050 horizon, for which the roles of energy effi-
ciency and electrification of energy are crucial. These two processes will be implemented
separately, however, they will have to be carried out simultaneously so that the overall
strategy results in the achievement of the proposed objectives. In this context, the deep
decarbonization of the energy sector is viable, however, it requires a genuine transition
with significant structural changes in the sector, through increased energy efficiency, elec-
trification of consumption, and the total decarbonization of energy generation through
renewable sources [38].

However, according to the International Energy Agency (IEA), much remains to be
done to reverse humanity’s current path, reach the decarbonization goal in 2050, and not
exceed the 1.5 ◦C mark in the next decade. Considering only the current policy configura-
tions, excluding additional policy implementation, the Declared Policy Scenario (STEPS),
carbon emissions will still be significant in 2050, not avoiding reaching the unwanted 2.6 ◦C
in 2100, as it is essential to start the implementation of the Announced Pledges Scenario
(APS), a scenario that considers all the global climate commitments made by governments
until 2021, but which are still not enough without promoting additional, more ambitious
and concrete joint efforts to achieve the decarbonization objective, characterized by the
scenario of the Net Zero Emissions by 2050 Scenario (NZE).

Figure 3 shows that generating electricity and heat from renewable energy sources
will play an important and heavy part in reducing carbon emissions. However, it will
be more difficult to do the same for emissions in the industry and transport sector. The
global joint effort will have to go through, over the next decade, the electrification of energy
consumption, avoiding the consumption of fossil energy vectors. A global push will be
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necessary for the generation of clean electric energy, implementation of the full potential of
energy efficiency, and innovation of new and disruptive clean and green technologies, to
keep open the hypothesis for stabilization of 1.5 ◦C.
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It is in this context that, in Section 4 of this manuscript, the main results of an analysis
of the different energy vectors that comprise Portugal’s energy balance are presented, with
the aim of better understanding the dimension and need for decarbonizing the energy sector
through its electrification, as well as to support the correct decisions for the decarbonization
of the energy sector in a country.

Given the above, the present manuscript makes a review of the role of electrification
in the decarbonization of the energy sector, divided into four sections. Section 1, briefly,
intends to contextualize the review theme broadly, highlighting its importance for the
sustainable energy transition. Section 2 presents the materials and methods used for the
literature review on the topic presented in Section 3, as well as the origin and analysis of the
data used in Section 4. Section 3 addresses the literature review of the energy sector decar-
bonization process. Section 4 evaluates the Portuguese energy sector, considering the need
for its electrification. Section 5 presents the main conclusions and future research directions.

2. Materials and Methods

Using the “Web of Science” search engine with the string: “decarbonization” AND
electrification AND “energy efficiency” AND “energy systems”, to find and refine the
search for articles related to the subject of this manuscript, a total of 861 publications
were identified, between 1994 and 2022, in which “review articles” account for 149 (17%)
and “research articles” account for 712 (83%). In the same period, 2021 was the year
with the highest number of publications (with 261 articles) and in 2022 there are already
95 publications on the subject (the last search was carried out on 31 January 2022). Further,
refining the search to include only “review articles” and “research articles” in the “energy
subject area”, the total count reached 570, of which 170 (30%) were published in 2021.
Additionally, a more refined search was made for the preliminary screening of the results,
based on the reading of the abstract to recognize the most suitable publications within the
scope of this manuscript. From 2016 to 2021, there was an average annual growth of 50% in
article publications, and this growing number of published articles perfectly reflects the
growing importance of the subject, data reinforced with the 71 articles already published in
January 2022, compared to 170 published in 2021 in the “energy subject area”.

In addition to the review carried out on the current state of understanding of the
subject of this manuscript, research and brief analysis were carried out on the energy matrix
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of a country, using the data available at Eurostat for the different member states over the
last three decades. Therefore, with the purpose of better understanding the state of the art
of a country regarding the decarbonization process, the Portuguese energy vectors were
identified in terms of which ones can and should be electrified by 2050. To this end, it was
important to identify the available data for the year that was not disruptive, and that, at
the same time, reflected the country’s energy balance to be as current as possible.

In this context, the year 2020 was marked by the strong negative impact of the
COVID-19 pandemic on economies around the world, and Portugal was no exception.
The effects resulting from the mandatory confinement led to a strong contraction of most
branches of economic activity, determining in some cases an almost total stoppage. As
a result, routines change, and energy consumption in offices and commercial buildings
was moved to residential buildings and consumption in transport had significant drops,
especially in international aviation, with less than 64% of oil equivalent (ktoe) consumed,
and road transport where the stoppage was a reality, with less than 16% consumed. In this
context, the year 2020 is a very atypical year for the intended analysis to be carried out,
so, the analysis carried out with Eurostat data, regarding the energy balance of Portugal,
covered the period from 1990 to 2019, and the relationship between decarbonization and
electrification of the energy sector was mainly focused on the year 2019. The analysis of all
energy sources that make up the energy mix of Portugal was carried out, with their units
being standardized to kilotonnes of oil equivalent (ktoe). The adopted analysis method
included the analysis of four different phases of the energy balance, as presented in Figure 4.
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The “energy available from all sources” phase, includes the energy vectors of gen-
eration, imports, stock draw, and inflow of statistical difference (represents the negative
statistical difference, that is the negative difference between the energy available for final
consumption and final consumption). Regarding the “energy transformation” phase, it
includes the energy input to all transformation processes (for example, crude oil, natural
gas) and energy obtained as a result of all transformation processes (for example, refined
petroleum products, electricity, or heat). The third phase is the “total energy available
after transformation” phase, which intends to represent the disaggregation of the different
energy vectors after the energy transformation carried out in Portuguese territory and the
amounts of energy that do not suffer any transformation process (i.e., primary energy used
directly in final consumption). Therefore, this phase represents the amounts of energy that
are available for use. The last phase represents the breakdown of “final energy consump-
tion” of all fuels used for energy purposes in the sectors of industry, transport, residential,
commercial/services, agriculture, fishing, and other sectors on the one hand, as well as
certain fuels used for non-energy purposes.

In this context, using Eurostat data, it is possible to obtain the same information
for other European countries, allowing the same analysis to be replicated, including for
different years.
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3. Energy Sector Decarbonization Process
3.1. Electrification of the Energy Sector

The decarbonization process of the energy sector is undoubtedly one of the largest and
most complex challenges that humanity faces nowadays [40–42], however, it will ensure
multiple benefits. A recent study estimates the impressive number of 41.2 million lives
saved (avoid deaths), across China, the European Union, India, and the United States, for
2021 to 2040, due to the replacement of fossil fuels with renewable energy [43].

It is a difficult process, with a high initial investment, and it will require a long process
to reach full decarbonization. It is difficult, given the complexity of the existing energy
systems [44], caused by different factors, such as population, geographic area, and country
development. Furthermore, it will be a process that will involve a high initial investment,
as a transversal transformation of the market will be necessary, both in terms of supply
and demand for energy [45]. Finally, it will be a long process, as energy dependence on
fossil fuels is high throughout the world and a global population, which is estimated to be
growing, of around 2 billion people by 2050 [39], has aspirations in improving livelihoods.

It should be noted that there are several reasons for high energy dependence on fossil
fuels, one of the main reasons is related to the rapid increase in energy consumption and
global economies, leading to the need to quickly increase the power generation capacity.
Another important reason is the cheap price of fossil fuels, mainly natural gas and oil, in
some countries, and particularly in producing countries or countries that play an important
economic role in the transit of these fossil energy sources [46].

In 2020, even in a scenario where world economies retreated or stagnated due to
COVID-19, the implementation of new infrastructure projects based on renewable energy
sources, such as wind and solar photovoltaics, continued to grow at a good pace and electric
vehicles reached new sales records [39]. The decentralized use of renewable energy sources,
especially in the residential sector, is also growing in many developed countries [47].
Therefore, a new energy system (Figure 5) will be based on a more electrified, efficient,
interconnected, and cleaner energy sector [39,41,42,48,49].
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It should be clarified that when referring to the electrification of the energy sector, it
refers to the process of replacing technologies that use fossil fuels (coal, oil, and natural
gas) with technologies that use electricity generated by renewable energy sources (namely
the sun, water, wind, and biomass). If, on the one hand, a diverse set of measures must be
combined to achieve the decarbonization goal, on the other hand, each measure must be
evaluated and coordinated in the design of new energy systems [40].
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The reduction of greenhouse gas emissions at a global level will require a fully re-
newable electricity sector as the basis of an energy system. However, its penetration in all
sectors of activity, namely in transport, will be difficult, especially regarding long-distance
transport (or heavy transport), given the current need to develop this category of vehicles.
On the other hand, electric city vehicles are a reality, where electrification should even
be seen as part of balancing services in local electricity grids [50], however, biofuels and
green synthetic fuels will be part of the solution [49]. In this context, several studies were
developed for different regions and countries to design 100% renewable energy systems
efficiently and successfully by the 2050 horizon [40–42,45,46,48,51–55]. Technologies for tak-
ing advantage of renewable energy sources are cost-competitive compared to conventional
energy sources and in various applications [56].

3.2. Renewable Energy Power Generation

The global potential of renewable energy is huge [57], and the use of solar energy
has been on growing since 1950, without comparison with other energy sources. The
energy sector recognizes this source as the source with the greatest potential and the
lowest cost of electricity generation and harnessing the solar energy can be the main
primary energy source for humanity within just a few decades [58]. Regarding hydropower
development, despite the relatively high use in some countries, much can still be developed
in several countries, especially about transboundary hydroelectric projects, where rivers
or hydrographic basins are shared and/or generate benefits and costs between two or
more national borders [59]. The generation of electric energy through wind energy is
another renewable source in constant growth in the last decade due to its reliability and
costs [60], becoming today one of the indispensable infrastructures in the generation of
electric energy in some countries [61]. However, there is still significant untapped potential,
namely by repowering existing turbines, as well as the potential for high-altitude onshore
and offshore wind power [61–63]. The generation of electric energy through residual forest
biomass is an important resource to increase and bridge the intermittence of electric energy
generation through other renewable sources. This energy source should be strategic for
countries to achieve the goal of decarbonizing the energy sector [64]. Composed of leftovers
from forestry activities, such as those resulting from thinning or exploration in the field
(for example, bark, branches, and stumps), the residual forest biomass can include other
components, such as organic matter from invasive species (the effect of trees and shrubs
that are harmful to ecosystems), trees attacked by pests and diseases that cannot be used
for other purposes, and materials that result from the opening of fire barriers (firebreaks,
for example). Additionally, the removal of residual biomass from the forest helps to reduce
the risk of rural fire. However, the sustainability in the use of this energy source may be
compromised in the long term in most countries, due to the costs involved in the collection
and transport of waste and in the capacity to renew this source, given the evolution of
energy needs.

3.3. Transmission and Distribution Networks and Energy Storage

With the increase in intermittent energy generation, it will be necessary to create
a flexible energy system, with more interconnections, and capable of responding to the
need for final consumption. In this context, as an interconnection factor with demand, the
development of transmission and distribution networks and energy storage systems will
be essential to overcome the volatility in the availability of renewable resources. There
are several solutions in the market, however, the potential for new development is very
high. However, it is estimated that by 2050, investment in the electric battery capacity
will increase from 80 GWh to 351 GWh per year [65]. On the other hand, it is necessary to
assume that losses in the conversion of electrical energy into thermal energy are part of the
cost-effective operation of a renewable energy system [51].

Following the above on the role of renewable energy in the decarbonization process
of the energy sector through its electrification, it is important to know the role of the in-
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frastructure of transmission and distribution networks of electricity in an energy system.
In this context, the Energy Efficiency Directive (EED) [66] and the Internal Energy Market
for Electricity [67] are complementary and mutually supportive, notably as regards the
objective of promoting efficient electricity networks and contributing to improved security
of supply, in particular by encouraging the modernization of distribution networks, such
as through the introduction of smart grids, which should be built in a way that encourages
the decentralized generation and energy efficiency promotion. The definition of energy
efficiency provided for both above-mentioned directives is defined as the ratio of the output
of performance, service, goods, or energy, to the input of energy. When energy is trans-
formed from one to another form or moved from one place to another, or from one system
to another, there are energy losses. This means that from the moment of electric power
generation to the final consumption, there is a significant potential for energy efficiency
improvement due to energy losses in transformation, transmission, and distribution.

An important part of energy transport infrastructures is the power transformers, which
should not be forgotten in the decarbonization process. For such purpose, the European
Commission promoted the implementation of energy efficiency classes and mandatory
standards that remove the worst transformers from the market through the Ecodesign
Requirements [68] for the performance/energy efficiency of medium power transformers
and the energy efficiency of transformers of great potency. Such requirements would
also contribute to the efficient operation of the internal market and to improving member
states’ environmental performances, through the introduction of efficiency classes and
Minimum Energy Performance Standards (MEPS). In 2015, the impact of such measures
was evaluated [69], finding that the potential for savings for the 2050 horizon represents
around 450 TWh and 35 TWh of electricity in the world and Europe, respectively, the
equivalent to 180 and 4 million tons of avoided CO2 emissions into the atmosphere.

It is important to mention that the power transmission and distribution grids have
been strengthened and modernized to meet new requirements, such as population growth
and the consequent evolution of consumption, or decentralization of energy generation in
power distribution systems to incorporate more small-scale renewable sources, consisting
of overhead and underground cables of high, medium, and low voltage lines, always
ensuring the necessary quality levels and minimizing losses to the networks. Substations,
along with other equipment, such as sectioning and transformer stations and street light-
ing installations, are key network infrastructures too, so it is necessary not to neglect the
decarbonization objectives of the energy sector, and to implement measures that promote
the reduction of energy losses in this type of infrastructures. In this context, several studies
have been developed to identify better methods and indicators to calculate losses in electric
energy transport networks in random or specific distributed generators penetrations and
configurations [70–74]. With the increasing penetration of decentralized generation, it leads
to serious problems in the safe and reliable operation of the grid, due to its intermittent
and non-dispatchable output [75], which is why it is essential to develop efficient manage-
ment strategies and solutions to reduce losses in the system and allocate their costs fairly
through a smart grid system to build energy systems that are more affordable, reliable, and
robust [76,77].

Smart grid deployments have improved grid system intelligence by providing multi-
directional information flow between the system to achieve a revolutionized energy in-
dustry by providing adequate energy metering data to substations, transmission, and
distribution networks, and to the energy producer, for greater security, resilience, and
efficient control and monitoring of assets and services. Conventional power systems offer
these advantages, which include reliability, security, and flexibility in power distribution,
power consumption monitoring, demand-side management, improved optimized network
traffic, shorter downtimes, minimized failures, network losses reduced supply and de-
mand, as well as generally improved network operations and services. With the increasing
availability of sophisticated computing, communication, and measurement technologies,
they will make a strong contribution to achieving the goals of decarbonization. However,
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there are issues of data security and theft of electrical energy that pose considerable chal-
lenges, which could compromise the energy sector decarbonization objectives if they are
not recognized as such and identified solutions to mitigate them [78].

Concerning the energy losses due to theft of electrical energy and tampering with
energy meters, also known as non-technical losses, they create real challenges for the
profitable operation of the distribution sector, putting at risk its financial optimization and
therefore the entire energy system of a country. Development of innovative algorithms
and technologies to identify situations of energy theft, articulated with campaigns to
raise awareness among end consumers of the negative impacts and quick administrative
decisions against the culprits, should be adopted to ensure the control and reduction of
actions of theft of energy [79,80].

3.4. Electrification of the Economy

Finally, it is important to have a view of the decarbonization process of the economy
from the point of view of final energy consumption. As the carbon intensity decreases
in electricity generation, due to the increase in the penetration of renewable sources [81],
the electrification of final energy consumption becomes an increasingly announced de-
carbonization strategy. As an easier approach to the topic, the final energy consumption
was divided into three different sectors of activity, typically those with the highest final
consumption, buildings, industry, and transport.

Although electrification makes sense today, not all applications are good opportunities
to electrify for technical and/or economic reasons, such as heating using natural gas in
very cold regions, high-temperature industrial processes, and commercial road transport.
Additionally, the electrification of final energy consumption has the challenge of consumer
acceptance, given that a significant number of consumers are concerned about whether
electric vehicles have sufficient autonomy to reach their destination or are concerned about
the performance of heat pumps in regions where the temperature is traditionally low [82].
However, it is important to mention that electrification has already been happening in
some sectors over the last 70 years [83]. Particularly in the buildings sector and due to
the availability, ease of use, safety, and cleanliness of electricity compared to other energy
vectors, such as oil that can easily dirty the user or natural gas, where there is an increased
need for safety in its use. It is therefore predicted that the buildings sector will be the
first sector to become 100% electric, with several examples already implemented around
the world. The final energy consumptions to be electrified in buildings are appliances
for cooking, space, and water heating. Kitchen appliances already are competitive, with
available information and communication technologies, and efficient electrical solutions to
replace, for example, natural gas, however, space and water heating may not be the same,
depending on the climate and type of building [84].

There are various scenarios likely to adopt electrification in the short term, such
as new construction, replacement of oil or propane equipment, or installation in well-
insulated buildings, or in regions with mild climates where space heating and water needs
are lower, thus promoting penetration of heat pumps. In a short period, with natural
technological improvements of existing equipment, especially for heat pumps and heat
storage, electrification in this sector will be even more competitive at an economic level, in
the face of currently more challenging situations, such as very cold climates [85–87].

In addition to the energy and environmental benefits of buildings energy consumption
electrification, the need to include health in the design of energy and climate policies [88]
seems to make more sense in the decarbonization process, given the significant health ben-
efits of promoting constant air conditioning throughout the year in buildings or choosing
not to burn natural gas during food preparation. Given the above, the policymaker must
promote policies aimed at the rapid electrification of the building sector [89], as there are
viable and generally economic solutions available on the market to reduce costs to end
consumers, increasing the flexibility of the electricity distribution network and drastically
reducing risks to human health.
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As far as the industrial sector is concerned, it will be a sector that will also benefit
indirectly from the electrification of the energy sector, bringing more companies to the
market (with the increase in demand for electricity, the market will get larger, giving rise to
new companies, not only in the generation of electricity but also in its commercialization
and companies for the maintenance and management of electricity) and thus bringing
about a desirable increase in competition, which makes it difficult for companies with low
productivity to survive [90]. However, the total electrification of the industrial sector will
be a slower process than the buildings sector, given that there are basic materials industries
that still require the development of disruptive technology, especially regarding the need
to reach very high temperatures in some processes [90–98].

A transitional phase may be adopted, when environmentally and economically viable,
in some industrial processes through indirect electrification [91], such as, for example, using
CO2 hydrogenation, where energy consumption will be unavoidable and substantially
higher compared to the traditional process, so it is only justified in scenarios of very high
penetration of electricity generation through renewable sources at a low cost of MWh. If
direct electrification is one of the solutions for the decarbonization process in the industrial
sector, the opposite is also true in the chemical industry sector and may be part of the
solution to the problem of integration and the progressive increase in the penetration
of electricity generation through renewable sources. The ability to translate electrical
energy into chemical bonds provides a method of electrical energy storage to fill in the
intermittence of renewable sources and demand needs [92].

However, global climate policy has not yet achieved the desired results in the industrial
sector as it has in other sectors of activity. The policies implemented mainly supported
energy efficiency and marginal emission reductions, protecting energy-intensive consumers
from rising energy and carbon costs through exemptions and offset schemes [95]. A sectoral
approach will be necessary, given that the industry sector has many asymmetries and where
the more developed and rich countries will have to set an example through more ambitious
policies. There is an opportunity for fully integrated, decarbonized, local manufacturing
that starts with renewable resources and ends with desired commercial products in the
industry sector [97,98].

Finally, the decarbonization process of the transport sector is and should be carried out
using biofuels, synthetic fuels, and electricity. However, it will be difficult to implement,
by 2050, the total electrification of the transport sector, especially if the associated costs
do not drop drastically, either in terms of vehicle acquisition or in terms of installation
and access to electric vehicle charging, as well as the price of electricity [99,100]. The total
replacement of a national fleet implies a high financial investment and political measures to
scrap vehicles, with significant impacts on the environment. Therefore, the use of biofuels
or green synthetic fuels (indirect electrification) will minimize and allow a possible smooth
transition to the electric vehicle in the long term [101]. However, it is important to ensure
that biofuels are produced sustainably and without entering into direct competition with
human food, as well as ensuring that the production of synthetic fuels is produced by
electricity generated by renewable sources. Examples of this are aviation, navigation, and
long-distance road transport will have to overcome significant development processes be-
fore their full electrification will be sustainable [102]. The ambition of mass electrification in
the long-haul road vehicle segment (heavy vehicles) will significantly increase the demand
for lithium, creating increased pressure on its supply [103]. However, the electrification
of the road sector is already something natural, largely due to the electrification of city
vehicles, commercial transport, and public buses on a large scale. Today, all brands of
vehicle manufacturers have the offer of different models of electric vehicles, even promising
to abandon the production and sale of models of internal combustion cars for horizons
below 2050.

It is not wrong to think that the energy consumption associated with the charging of
vehicles will be part of a building’s consumption. In the total energy sector electrification
scenario, this reality will be increasingly greater, not only in residential buildings but also in
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service and commercial buildings. Therefore, the combined electrification of the transport
sector and buildings and the decarbonization of electricity generation offers one of the
greatest opportunities for the energy sector, namely promoting users to play an important
role in better managing the electricity grid, as well as reducing costs and transport-related
GHG emissions [101,104,105].

The electrification of city and commercial transport vehicles is dependent on the
availability of charging infrastructure, which could delay its penetration if it is not avail-
able [106]. On the other hand, the electrification of railways is an indispensable measure of
developed and developing countries, for long-distance transport of goods and collective
transport of people. However, in some countries, there is a lack of concerted strategies to
promote this mode of freight transport [107,108]. To technically support decision-making
in the development of public policies, it is important to develop transport sector mod-
elling tools at the national level, giving priority to economic, environmental, and energy
factors [103,104,109–113].

3.5. The Role of Energy Efficiency

As already mentioned, and a common denominator of the different cited, energy
efficiency is one of the tools presented to directly support the decarbonization of the energy
sector, and it is even seen as a fundamental pillar to successfully achieve the goals for
2050, streamlining the electrification of the energy sector. Several studies attest to the high
potential for energy efficiency in the energy sector, globally, such as, for example, at the
European level or by member state [114], in the buildings sector [115–119], in the industrial
sector [120–124], or more specifically, in the application of fees or taxes [125] or energy
management practices [126].

There are behavioural measures, some more complex than others, such as, for example,
the sharing economy, where the synergy between information, technology, and marketing
promotes a new business vision where customers give priority to access to the property,
allowing them to use it efficiently [127] or replacement of inefficient equipment, where
technological innovation has proven to be more efficient [128]. It is also important to
highlight that, in addition to the intended positive impact on cost and energy savings, with
its implementation, there are multiple associated benefits, especially at the economic, social,
and environmental level [129,130] that should not be overlooked and should therefore be
identified and presented for decision support, as represented in Figure 6. Additionally, it
is important to evaluate the efforts made in the implementation of energy efficiency, at
the national level, for example, concerning the implementation of articles 5 and 7 of the
EED, the need for more efforts to comply with these articles was identified [131] or because
of the implementation of management programs, where the complexity of the sector (for
large manufacturing companies) and access to investment (for small and medium-sized
companies) are the main barriers to the adoption of these same programs [132].
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On the other hand, not everything is easy for the correct implementation of energy
efficiency. There are barriers at the technical and non-technical level, from the engineer to
the installer, through the legislator and the final energy consumer. However, it is essential to
identify and classify the barriers in each of the projects or programs to be implemented, being
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a precondition for the successful diffusion of energy efficiency measures [133]. The rebound
effect is highlighted as one of the barriers to energy efficiency, that is, it is a phenomenon
in which the actual reduction in energy use is smaller than the reduction projected by
an improvement in energy efficiency due to behaviour adjustment induced by relevant
economic agents or by the final consumer [134–136]. However, this barrier can and should
be seen with a significant energy efficiency potential, given that it is possible to mitigate it.
Therefore, it is suggested that energy efficiency be interpreted as a source of energy.

3.6. Decarbonization Cost

The process of total decarbonization of any energy sector until 2050 will have a
significant impact on financial cost and employment, so it is important to have a perspective
of the economic and social implications, respectively, in the reorganization of costs and jobs
associated with the energy sector. As mentioned, the decarbonization process will not be
achieved only through electrification and replacing fossil fuel with renewable electricity,
as there is also a need to simultaneously adopt other measures, such as energy efficiency,
throughout the energy sector value chain, and the use of bioenergy and synthetic fuels in
the transport sector.

In this context, there are different ways and scenarios to achieve the objective of
decarbonizing the energy sector. Focusing only on the European case (EU-27) estimates
made in 2020 [137] predict that the investment challenge to reach the net-zero goal by 2050
will be around €27.8 trillion over 30 years in six different sectors (Figure 7). The projections
went even further, disaggregating the total value of CAPEX in Europe by a decade, given
the proposed objectives for the 2030 and 2050 horizon, with investment between 2021 and
2030 amounting to around €8.4 trillion. However, to reach the net-zero goal in 2050, member
states will have to make a joint effort in the amount of approximately €19.4 trillion, and
between 2031 and 2040, the investment is expected to be slightly higher, making a total of
€10 trillion, compared to €9.4 trillion of the total CAPEX in EU-27 between 2041 and 2050.

Energies 2022, 15, 1759 15 of 36 
 

 

 
Figure 7. Total CAPEX in EU-27, broken down by sector for the period 2021 to 2050 (created using 
data from [137]). 

As would be expected, the sector with the highest CAPEX is the transport sector, with 
values per decade varying between €3.2 trillion, €4.5 trillion, and €4.1 trillion, respectively, 
up to 2050. The buildings sector is the second sector with the highest CAPEX, almost 
identical to the transport sector over the first decade to reach the goals for the 2030 
horizon. However, it is estimated that the CAPEX value will decrease in the subsequent 
decades to reach the goal of total decarbonization by 2050, around €2.8 trillion and €2.5 
trillion, respectively, each decade. With lower investment values, CAPEX values for 
energy infrastructure are presented, at around €1.26 trillion, €1.4 trillion, and €1 trillion, 
over the three decades, as well as the value for power generation, with initial values which 
almost double from the first to the third decade, i.e., €0.6 trillion, €0.8 trillion, and €1.1 
trillion, per decade. It is estimated that CAPEX values for the decarbonization of 
agriculture in the next 30 years are worth €0.3 trillion, €0.4 trillion, and €0.3 trillion. To 
conclude, and with only 1% of the total amount of CAPEX needed to decarbonize the 
industry sector by 2050, the investments required for each of the decades are around €0.08 
trillion to reach the proposed targets for 2030 and €0.1 trillion and less than €0.3 trillion 
over the last two decades, respectively.  

In summary, Figure 8 presents the values and weight of CAPEX needed to achieve 
the decarbonization of the European economy (EU-27) until 2050, broken down by decade 
and sector. This global investment of €27.8 trillion (an average of around €927 billion a 
year) in clean and green techniques and technologies will enable the achievement of the 
goal of having 27 member states with net-zero carbon by 2050. 

9%

43%

30%

2%

3%

13%

Total CAPEX 2021-2050 | € 27.8 Trillion

Power Transportation Buildings

Industry Agriculture Infrastructure

Figure 7. Total CAPEX in EU-27, broken down by sector for the period 2021 to 2050 (created using
data from [137]).



Energies 2022, 15, 1759 15 of 35

As would be expected, the sector with the highest CAPEX is the transport sector, with
values per decade varying between €3.2 trillion, €4.5 trillion, and €4.1 trillion, respectively,
up to 2050. The buildings sector is the second sector with the highest CAPEX, almost
identical to the transport sector over the first decade to reach the goals for the 2030 horizon.
However, it is estimated that the CAPEX value will decrease in the subsequent decades to
reach the goal of total decarbonization by 2050, around €2.8 trillion and €2.5 trillion, respec-
tively, each decade. With lower investment values, CAPEX values for energy infrastructure
are presented, at around €1.26 trillion, €1.4 trillion, and €1 trillion, over the three decades,
as well as the value for power generation, with initial values which almost double from
the first to the third decade, i.e., €0.6 trillion, €0.8 trillion, and €1.1 trillion, per decade. It is
estimated that CAPEX values for the decarbonization of agriculture in the next 30 years
are worth €0.3 trillion, €0.4 trillion, and €0.3 trillion. To conclude, and with only 1% of the
total amount of CAPEX needed to decarbonize the industry sector by 2050, the investments
required for each of the decades are around €0.08 trillion to reach the proposed targets for
2030 and €0.1 trillion and less than €0.3 trillion over the last two decades, respectively.

In summary, Figure 8 presents the values and weight of CAPEX needed to achieve the
decarbonization of the European economy (EU-27) until 2050, broken down by decade and
sector. This global investment of €27.8 trillion (an average of around €927 billion a year)
in clean and green techniques and technologies will enable the achievement of the goal of
having 27 member states with net-zero carbon by 2050.
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The investment, although large, is not an additional investment to what is already
been carried out in any way to finance carbon-intensive technologies, valued at around
€22.4 trillion (4% of the current EU GDP). Therefore, it is estimated that the additional
effort to achieve decarbonization will be around €5.4 trillion (in the first decade around
€1.6 trillion and the remaining amount is divided in the same proportion of €1.9 trillion in
the next two decades), equivalent to increasing the total annual investments of EU currently
at 7%, or 1% of the current EU GDP. It is important to mention that any CAPEX estimate
will only be real if the investment made is oriented along with the decarbonization strategy
planned for this purpose, that is, there will have to be an intervention with stakeholders,
based on the decision to spend their capital and of the expected return periods.

However, total OPEX costs will be lower in a decarbonization scenario in the 2050 hori-
zon. The estimate made is around €0.13 trillion in annual system operating costs, reaching
twice the average value in 2050 of total system operating expenses (€0.26 trillion), with the
implementation of a decarbonization strategy for Europe, i.e., around 1.5% of current EU
GDP. However, it should be noted that operating expenses for fuel and feedstock in the
industrial sector increased beyond the initial investments in the year 2050.

4. Results

Figure 9 presents the Portuguese energy balance flow according to the four previously
mentioned phases and demonstrates that Portugal is heavily dependent on imported energy
since, in 2019, energy imports accounted for 78% (24,074 ktoe) of the energy available from
all sources. Additionally, 21% (6552 ktoe) of the available energy is extracted from Portugal’s
natural sources. However, there are 10% (3220 ktoe) losses in the energy transformation,
a significant value in the context of decarbonization. After transformation, from the total
energy available, with Portugal using 63.24% (17,511 ktoe) for final energy consumption,
exports 20.62% (5719 ktoe) and 14.58% (4045 ktoe) of the available energy is used in the
stock build-up, in international aviation and navigation, to operate installations for energy
production and transformation and some minor miscellaneous uses. In this phase, there
are also energy losses related to electricity transmission and distribution with a weight of
1.56% (432 ktoe).
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In this context, and within the scope of what was referred to in the introduction
section, it is now important to understand the role of electrification to achieve the goal of
decarbonizing the energy sector in Portugal for the horizon of 2050, since in 2019, only
21% (6552 ktoe) of the available energy comes from endogenous renewable sources and
the current characteristics of final energy consumption do not allow for an immediate
transition to decarbonized energy sources.
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The following subsections present the main results characterizing the current situation
and what measures or assessments should be considered for the decarbonization of the
Portuguese energy sector.

4.1. Energy Available from All Sources

In the energy available from all sources phase, the objective was to assess which
endogenous energy sources exist and which type of energy vectors are imported. In this
context, the presented results are restricted to the analysis of energy vectors that can be
decarbonized, not considering their final use. The Portuguese energy mix, despite being
constant at the energy vectors level that composes it, has experienced important changes
since 1990 (Figure 10), which can be grouped into seven different categories of energy
vectors in the global amount of 30,927 ktoe, in 2019.

Energies 2022, 15, 1759 18 of 36 
 

 

 
Figure 10. Portuguese energy mix available from all sources in ktoe (adopted from Eurostat data).  

With a focus on 2019 (Figure 11), the endogenous energy sources used are practically 
100% from renewables (including biofuels), representing around 21% of the global 
Portuguese energy mix.  

The renewables and biofuels vector is essentially composed of primary solid biofuels 
(44%), which can be burnt to generate heat or electricity, wind power (18%), and 
hydropower (12%) to generate electricity. Of course, this vector can vary significantly 
from year to year, depending on the availability of natural resources, such as whether it 
is a dry year or not, a windy year, and a year with limited fuelwood or wood residues. 

Imports and stock draw of oil and petroleum products and natural gas (54% and 17% 
of the total mix, respectively) are not analyzed in this subsection, given its purpose, 
respectively, 19% and 36% are destined directly for final consumption, and 83% and 64% 
as an input in electricity and heat generation and/or refineries and petrochemical industry 
input.  

 
Figure 11. Portuguese energy mixes available in 2019 from all sources (adopted from Eurostat 
data). 

The energy vector oil and petroleum products (16,753 ktoe, 54%) can still be 
disaggregated as presented in Table 1, highlighting the weight of crude oil (68.5%), refined 

 -

 5 000

 10 000

 15 000

 20 000

 25 000

 30 000

 35 000

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

To
nn

e 
of

 o
il 

eq
ui

va
le

nt
 (k

to
e)

Solid fossil fuels Natural gas

Oil and petroleum products Renewables and biofuels

Non-renewable waste Electricity

Heat

Solid fossil fuels 
5%

Natural gas 
17%

Oil and petroleum 
products 

54%

Renewables and 
biofuels 

21% Non-renewable 
waste 

1%Imported
Electricity 

2%

Figure 10. Portuguese energy mix available from all sources in ktoe (adopted from Eurostat data).

With a focus on 2019 (Figure 11), the endogenous energy sources used are practi-
cally 100% from renewables (including biofuels), representing around 21% of the global
Portuguese energy mix.
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Figure 11. Portuguese energy mixes available in 2019 from all sources (adopted from Eurostat data).

The renewables and biofuels vector is essentially composed of primary solid bio-
fuels (44%), which can be burnt to generate heat or electricity, wind power (18%), and
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hydropower (12%) to generate electricity. Of course, this vector can vary significantly from
year to year, depending on the availability of natural resources, such as whether it is a dry
year or not, a windy year, and a year with limited fuelwood or wood residues.

Imports and stock draw of oil and petroleum products and natural gas (54% and
17% of the total mix, respectively) are not analyzed in this subsection, given its purpose,
respectively, 19% and 36% are destined directly for final consumption, and 83% and
64% as an input in electricity and heat generation and/or refineries and petrochemical
industry input.

The energy vector oil and petroleum products (16,753 ktoe, 54%) can still be disaggre-
gated as presented in Table 1, highlighting the weight of crude oil (68.5%), refined in other
intermediary products into refined petroleum products (such as petrol, diesel oil, fuel oil,
lubricants, etc.).

Table 1. Energy and weight of each energy vector in Portuguese energy mix available from oil and
petroleum products in 2019 (from Eurostat data).

Energy Vector Oil and Petroleum Products ktoe Weight (%)

Total 16,753 54%

Crude oil 11,478 68.5%
Fuel oil 366 2.2%

Kerosene-type jet fuel (excluding biofuel portion) 296 1.8%
Gas oil and diesel oil (excluding biofuel portion) 1283 7.7%

Motor gasoline (excluding biofuel portion) 268 1.6%
Other primary oil 1562 9.3%

Other petroleum products 1500 8.9%

The natural gas import, with the construction of the main natural gas distribution
infrastructure in 1998, has promoted this energy vector as the vector with the largest
growth in the last years. With the import of natural gas, the solid fossil fuels energy
vector (coal) has progressively lost space in the Portuguese energy mix, as coal-fired power
plants were progressively converted to natural gas. Additionally, the coal import has
varied inversely with the hydro generation capacity, which in rainy years ensures a higher
electricity generation level, reducing the need for electricity generation from coal. It is
important to highlight that in 2021, in January and November, the last two thermoelectric
power plants that used coal closed, in the cities of Sines and Pego, respectively. Thus, since
20 November 2021, for the security of supply purposes and to respond to the variability of
production from renewable sources, the Portuguese electricity system has been dependent
on combined cycle power plants powered by natural gas (which emit less than half of the
carbon dioxide per megawatt-hour of electricity, compared with the thermoelectric power
plants that used coal [138]). However, despite the reduction of emissions, the reality is still
far away from the net-carbon goal for the Portuguese energy sector.

Given the above, there is no need to analyze the energy vector related to coal imports
for electricity generation (solid fossil fuels), as from 2022 onwards, it will no longer exist
in the Portuguese energy mix, and in 2019, it represented about 5% of available energy.
However, there is a small percentage of coke oven coke, used in the iron and steel industry
and other solid fossil fuels used in the non-metallic minerals cement industry.

Regarding imported electricity (2% of the total mix), its origin can be 100% renew-
able, proven through the issuance of Guarantees of Origin (GOs), a mechanism created
by the member states through the transposition and implementation of the RES Directive
(2018/2001/EC and its predecessor 2009/28/EC). To this end, additional efforts are needed
to amend the national regulations that require all imported electricity to be accompanied
by the respective GOs. Aiming not only to guarantee the decarbonization of this imported
energy vector but also energy independence, the solution should include the reinforce-
ment of the effort to increase the generation of electricity through endogenous renewable
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sources or/and through energy efficiency measures, such as technologies to reduce and
manage demand.

Non-renewable waste has an import component from import industrial waste and
should be reduced through a circular economy strategy, with the remaining fraction re-
placed by a decarbonized vector. However, its amount is currently of reduced relevance.
This vector also includes the non-renewable municipal waste produced by households
and the tertiary sector, such as plastics, synthetic rubber, inorganic materials, etc. which is
incinerated to produce electricity and/or heat but should be increasing recycling.

Lastly, the heat energy vector will be addressed in the transformation phase, as it is an
energy vector from the combined production of electricity and heat. In this way, the energy
balance flow of energy available from all sources can be represented as shown in Figure 12.
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Based on the above results, Table 2 classifies the status of the energy vectors available
from all sources identified in this phase of the energy balance.

Table 2. Status of the energy vectors available from all sources.

Energy Vector Recommendations

Renewables and biofuels
The installed power should be increased. Likewise, the type of renewable sources should be
diversified, particularly focusing on offshore wind and solar photovoltaic technologies. The
cost-benefit analysis of concentrated solar power plants must be evaluated.

Solid fossil fuels
No longer exists since November 2021 for electricity generation purposes. Coke oven coke,
used in the iron and steel industry, and other solid fossil fuels used in the non-metallic minerals
industry must be replaced by disruptive electrical technologies.

Electricity import Legislative mechanisms that ensure the decarbonized origin of the import of this vector must
be guaranteed.

Non-renewable waste
It is important to guarantee a non-renewable waste reduction mechanism outside the energy
sector, supported by a circular economy strategy. Industrial waste should not be allowed to
be imported.
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4.2. Energy Transformation

In the energy transformation phase, the performed analysis was related to the electric
energy generation process, since the remaining vectors were evaluated in other phases. The
energy balance flow for energy transformation was created, as presented in Figure 13, to
better understand the transformation processes of different energy vectors, especially those
involved in the generation of electrical energy and heat, as presented in Figure 14.
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Figure 14. Fuels going into Portuguese electricity and heat generation–2019 data (adopted from
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As above mentioned, since November 2021, electricity generation in Portugal, has
come mainly from renewable energies, with a significant portion of natural gas, which in
2019 corresponded to 39%. Therefore, additional efforts will be needed to decarbonize
the electricity generation sector in Portugal, progressively abandoning the generation of
electricity through natural gas, for example, resorting to increased endogenous renewable
generation, far beyond the value currently available, including decentralized biomass or
concentrated solar plants with storage.
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It can be said that Portugal is on the right path towards the decarbonization of electric
power. However, there is still a considerable way to go to decarbonize the remaining
vectors of the energy mix in Portugal. There is a need to electrify a significant part of
consumption, in particular, the transport sector, namely urban transport and cars for which
cost-effective technologies are already available. For long-distance transportation (trucks,
ships, aviation) this effort can be complemented with the penetration on a larger scale of
biofuels or synthetic fuels. However, on the other hand, this increase in electricity demand
for transport will have to be generated by renewable sources, to ensure the decarbonization
of the energy sector, installed power that is not yet considered, given the goal horizons of
2030 and 2050. Based on the above results, Table 3 classifies the status of the energy vectors
identified in this phase of the energy balance.

Table 3. Status of the energy vectors available from all sources.

Energy Vector Recommendations

Natural gas

After the phase-out of coal for electricity generation, it is important to
continue with the total decarbonization of electricity generation in
Portugal, which is why it is important to progressively replace the
3154 ktoe of imported natural gas with endogenous renewable sources.

Transformation losses
With significant potential for reducing transformation losses, around
3220 ktoe, it is important to take advantage of heat losses for final use
and replace inefficient processes.

4.3. Energy Available after Transformation

In the phase related to the energy available after transformation, the assessment carried
out was focused on evaluating and disaggregating the different energy vectors available for
final consumption. These results were important to link the data from the previous phases
as input data for the analysis of the final energy consumption phase. After the energy
transformation, the mix of different energy vectors available is represented in Figure 15.
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Figure 15. Portuguese energy mix available after transformation in 2019 (adopted from Eurostat data).

The non-renewable waste energy vector (with less than 1%) represents the recovery
of waste from industry, hospitals, and household wastes, such as rubber, plastics, waste
fossil oils, and other similar types of wastes, which can be either solid or liquid. Its
decarbonization is not directly associated with the energy sector and was discussed earlier
in Section 3.1.
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After energy transformation, it is possible to desegregate the energy vectors from
being directly available for final consumption (32%) and those that went through the
transformation process (68%). The summary of these disaggregated energy vectors can
be found in Table 4, and for easier visual interpretation the energy balance flow of energy
available after transformation is represented in Figure 16.

Table 4. Energy and weight of each energy vector in Portuguese energy mix available after transfor-
mation in 2019 (from Eurostat data).

Energy Vector ktoe Weight (%)

Direct carry-over 8960 32%|100%

Electricity 539 1.9%|6%
Oil and petroleum products 3081 11.1%|34.4%
Solid fossil fuels 288 1%|3.2%
Renewable energies 3037 11%|33.9%
Natural gas 1927 7%|21.5%
Non-renewable waste 88 0.3%|1%

Transformation output available 18,727 68%|100%

Electricity 4570 16.5%|24.4%
Oil and petroleum products 13,400 48.3%|71.4%
Heat 500 1.8%|2.7%
Renewable energies 257 1%|1.5%
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It should be noted that the presence of solid fuels at this stage is related to the energy
stored in storage facilities (stock build of coal), due to the generation of electricity. However,
since November 2021 it no longer exists in Portugal. Additionally, it should be noted that
the remaining energy vectors, except electricity and heat which were already evaluated in
the preview subsection, will be evaluated concerning their final use in the next subsection.



Energies 2022, 15, 1759 23 of 35

4.4. Final Energy Consumption

Regarding final energy consumption, the disaggregation of the different energy vectors
in each of the activities was analyzed to better understand the role of electrification in the
decarbonization of the energy sector, as presented in Figures 17 and 18.
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Regarding energy exports, this should not be neglected, as the national objective
contributes to a global cause, which is why it is important to decarbonize energy export
activity. This activity is mostly broken down into the export of oil and petroleum products,
86% (4899 ktoe) and 14% into renewable energy (810 ktoe, divided into biofuels and
electricity, resulting from the excess of renewable generation in periods of lower national
consumption). Thus, it is critical to find decarbonized alternatives for the export of the
energy vectors identified in Figure 19. As this is the export of fuels, it is indispensable
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to identify alternatives that support a sustainable refining sector in Portugal. Therefore,
efforts must be aligned to replace this activity with other decarbonized activities, or in
parallel, move to the production of synthetic fuels, using renewable energies to generate
electricity used in the process.
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Figure 19. Fuels going into exports in Portuguese energy balance flow in 2019 (adopted from
Eurostat data).

The final consumption is divided into final energy consumption, 93.4% (16,355 ktoe),
and final non-energy consumption, 6.6% (1155 ktoe of other petroleum products, used for
non-energy purposes mainly in the industry sector). After processing the available data
and for better analysis, Figure 20 was created, which represents the weight of each energy
vector used in the final consumption, and Figure 21, which represents the energy balance
flow of the different energy vectors used in different activities.

Regarding the vectors that do not need to be decarbonized, as mentioned above, 45%
(about 1610 ktoe) of electricity originated from renewable sources (except for the imported
part, since there is no information to prove its origin) and 18% (2904 ktoe) of energy
originate from renewable sources. The vectors of heat, 2% (248 ktoe), and non-renewable
waste, 1% (87 ktoe), originate from processes that were previously evaluated.
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Figure 20. Fuels going through final energy consumption–2019 data (adopted from Eurostat data).
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Thus, at this stage, it was important to analyze and assess the relevance of the electrifi-
cation of the energy vectors of oil and petroleum products 44% (7173 ktoe) and natural gas
11% (1815 ktoe), considering the decarbonization of the energy sector. After analyzing the
composition of the vector of oil and petroleum products (presented in Figures 22 and 23),
there is no doubt that the road transport sector needs a rapid transformation to reach total
decarbonization in 2050. Given the sector’s dimension and consumption, its electrification
can only take place simultaneously with the decarbonization of the power generation
sector and its reinforcement. Additionally, car owners will have to progressively replace
their current vehicles with electric vehicles. In this context, it seems that the best sce-
nario should go through the phasing and combination of different measures to support
renewable electricity generation, support for abate of existing internal combustion vehicles
and the acquisition of new electric vehicles, installation of large-scale charging infrastruc-
ture, increased incorporation of biofuels, and progressive replacement of fossil fuels by
decarbonized synthetic fuels.
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Figure 22. Oil and petroleum products going through final energy consumption–2019 data (adopted
from Eurostat data).
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Figure 23. Portuguese energy balance flow for oil and petroleum products vector in final energy
consumption–2019 data (adopted from Eurostat data).

Regarding the rail and domestic navigation sectors (e.g., ferries), the electrification of
these transports should be mandatory, even for tourism purposes. However, in domestic
aviation, it will always be dependent on a technological disruption occurring at a global
level, whether through electrification or another decarbonized energy vector.

In terms of other sectors, the industry and households’ sectors stand out, with con-
sumptions of 547 ktoe and 408 ktoe, which should be quickly replaced by electrical tech-
nologies or renewable energies.

Regarding the use of natural gas, through the creation of the energy balance flow
(presented in Figure 24), it was possible to disaggregate its use according to each activity.
The industry sector is the sector with the largest penetration of this vector, especially
the non-metallic minerals industry, mainly due to the heat of limestone and clay in the
ceramic and glass industry. The electrification of the industry sector is possible, considering
the proposed horizon for the total decarbonization of the energy sector by 2050, however,
measures will be needed to overcome the main barrier in this sector, the supply of electricity
from renewable sources 24/7, throughout the year, due to its intermittency. For this need,
the development of electrical energy storage applications should be a priority.

Electrification of cross-cutting applications in the industry sector provides opportuni-
ties for expanded use of more specific electrical technologies in industrial sub-sectors. There
are several applications where electrical technologies have already established themselves.
However, the most frequent reason is because of non-energy benefits, such as safety and
issues related to automation. Another factor holding back electrification is the price of natu-
ral gas, thus raising awareness of environmental benefits can play a key role in accelerating
the adoption of electrical technologies over natural gas. However, it is important to bear
in mind that there is still a need for research and development of disruptive technologies
for certain hard applications, especially for those that need to reach high temperatures.
Considering the horizon of 2050, solutions are being developed to decarbonize difficult
industries [139].
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On the other hand, the buildings sector (services and households) is a sector where
electrification can easily be fully ensured, as the technology already exists and is more
efficient than using natural gas. To this end, effective measures must be taken towards a
progressive, however quick, energy transition. Additionally, the electrification of kitchen
equipment will also have an impact on health, since the combustion of natural gas for
cooking may be related to respiratory diseases, especially in children [140].

Most end-uses in the agriculture and transport sectors can also progressively be
electrified, given the category of activities, heating, and buses, respectively.

Considering the above results, Table 5 classifies the status of the final energy consump-
tion vectors identified in this phase of the energy balance.

It was not possible to identify reliable investment values associated with the decar-
bonization of the Portuguese energy sector. However, the economic and social impact
on the Portuguese energy sector to achieve decarbonization will have similar behaviour
to the European one, in particular the Iberian one. There are favourable conditions for
Portugal and Spain to follow a path together to achieve the proposed decarbonization
goals by 2050, regardless of differences in the starting point and their decarbonization
options [137]. Furthermore, in this context, the International Energy Agency (IEA) in the
review of Portuguese energy policies, aiming to support the development of energy policies
and encouraging the exchange of international best practices, recommended that the Por-
tuguese government ensure that the Roadmap for Carbon Neutrality 2050 (RNC2050), the
National Energy and Climate Plan (NECP), and the National Hydrogen Strategy (EN-H2)
are aligned and implemented effectively according to a cost-benefit analysis [141].
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Table 5. Status of the energy vectors in final energy consumption.

Energy Vector Recommendations

Oil and petroleum products

It is the biggest energy vector and requires greater articulation
with the decarbonization of the electric power generation
sector. The transport sector is the sector with the highest
consumption of this energy vector and, having as a reference
the horizon of 2050, it will be important to create national
policies that promote electric mobility and, at the same time,
reduce the number of internal combustion vehicles in
circulation. In parallel, the penetration of biofuels should be
increased and the development of the synthetic fuel industry
supported. Regarding the remaining sectors of activity, urgent
measures must be taken to mitigate and subsequently prohibit
the use of this energy vector, which can easily be replaced by
electrical equipment.

Natural gas

Urgent measures must be taken in the buildings sector to
replace the use of this energy vector. In addition to the
electrification of consumption, there are other decarbonized
solutions, such as, for example, the use of thermal solar
energy.Regarding the industry sector, in a phased manner,
taking into account the type of industry, measures should be
taken to electrify the sector. It is admitted that there are
disruptive technologies still in the development stage to meet
the needs, however, given the goal for the 2050 horizon, there
do not appear to be any added difficulties.

5. Conclusions

In the context of the literature review carried out in this manuscript on the electrifica-
tion of the energy sector to fulfil the decarbonization ambition in the horizon of 2050, it
is possible to conclude that, at a global level, to reach the goals, the path forward will be
long and difficult, and that despite the efforts made to date, more ambitious global efforts
will have to be implemented. It will not be enough for world governments to move from
words to deeds, new measures will have to be thought, planned, and implemented to avoid
the increase in world temperature in the coming decades. Based on a simple analysis of
Portugal’s energy matrix, the conclusion is the same, despite the various existing plans
aimed at decarbonization, taking into account the horizons of 2030 and 2050.

As can be seen from Figure 25, all the EU-27 countries, such as Portugal, are heavily
dependent on fossil fuels, such as solid fuels, oil, petroleum products, gas, and some
imported electricity that may not come from a renewable generation. On the other hand,
the energy vector of nuclear heat gives a significant boost to the decarbonization of the
energy sector in France, Sweden, and Finland, despite all other associated problems that
may arise from the use of this energy vector. As a common denominator for all EU-27
countries, the energy vector oil and petroleum products represent a significant percentage
in the energy matrix of each country, promoting the need for a real Energy Union in Europe,
capable of joining efforts to decarbonize a high penetration energy vector.

Despite the long and complex way to go, the electrification of the energy sector must
be carried out in a consistent optimized relationship with energy efficiency and renewable
energies in the power generation sector. This will be crucial to effectively achieve the
proposed goals cost-effectively.
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Portugal is heavily dependent on energy imports, mostly with oil and petroleum
products and natural gas. As for oil and petroleum products, the electrification of this
vector will hardly be achieved in full in the short–medium term. Electric mobility for
light vehicles and urban transportation is progressing fast with increasingly cost-effective
technologies. Other solutions should be adopted, particularly in the transport sector,
through increased penetration of biofuels and support to produce synthetic fuels, for this
reason, the long-distance heavy vehicle road transport sector, shipping, and aviation will be
the last sectors to be electrified, a full transformation that could go well beyond 2050. The
share of natural gas imported for electricity generation should be progressively replaced by
endogenous renewable sources, as has already been done for coal. Regarding imported
natural gas for final consumption, it must be electrified as soon as possible, especially in
the building, transports, and agriculture sectors. The building sector is expected to be the
first sector to become 100% electric, not only because there are already several examples
around the world, where buildings are 100% electric, but also because the most efficient
technologies are already electric. On the other hand, the electrification of natural gas in
the industry will take longer, however, there is an expectation that new and disruptive
technologies can speed up the process.

Huge additional benefits are available through electrification leading to better air
quality in cities and homes, which are critical to improving population health. Large
economic benefits can be expected through the replacement of imported fossil fuels for
endogenous renewable resources.

However, it is important to consider the electrification process not only from the point
of view of final consumption but also the availability of the power generation sector based
on endogenous renewable energy sources. Therefore, energy efficiency should be the first
fuel to be considered in this transition process to avoid unnecessary investments on the
supply side, transmission, and distribution of electricity. Mainly, due to the high social and
economic impact that this process will have on any country, it is important to identify and
recurrently update until 2050, the most cost-effective measures, promoting and encouraging
the requalification of lost jobs linked to fossil energy vectors, as well as the creation of
new green jobs. Further investigations should be carried out to quantify and optimize the
energy efficiency contribution as an energy vector in the energy balance flow.
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