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Abstract: The aim of this paper is to analyze energy pathways for a fossil fuel rich developing country
towards an energy transition considering national and international oil availability using Ecuador as a
reference. An integrated assessment model has been developed to simulate energy transition scenarios
considering constraints on oil availability at the national and global level. Results show that if current
trends in energy demand and supply persist, energy scarcity would start around 2040 due to depletion
of national oil reserves and restricted access to foreign oil. This would trigger a degrowth in economic
activity in sectors with high dependency on petroleum products. Scenarios with conservative efforts
might partially revert the increasing use of fossil fuels supported by policies for energy efficiency
and substitution of liquid fuels with electricity mainly from renewables. However, energy shortages
would still be foreseeable as well as a decay of the economy. Under a maximum efforts scenario with
an optimistic availability of national oil, a moderate-sustained economic growth could be feasible.
This shows that oil would still play a key role during the transition. Furthermore, ambitious policies
must be implemented in the short term to smooth the effects of displacing oil as energy and income
source.

Keywords: oil availability; energy transition scenarios; energy demand; degrowth

1. Introduction

The increasing concern regarding climate change effects, along with the depletion
of non-renewable energy sources has triggered a process to change the existing model of
the global energy system to a new paradigm to achieve significant reductions in carbon
emissions [1]. Efforts have been made through the establishment of agreements, the most
important being the Paris Agreement. This accord fosters the parties to work on strategies
to limit temperature increase to “well below 2 °C above pre-industrial levels”. It also
indicates that the peak of carbon emissions must come in the shortest possible time [2].
Considering that two thirds of global greenhouse gas emissions are attributed to fossil fuels
supply and demand [3], efforts must be focused on a transition towards more renewable,
and sustainable systems.

This could be a complicated endeavor for developing countries given their rising
energy demand tied up to economic growth. Energy demand has increased with transport
as the main sector, which is mainly based on inefficient technologies (internal combustion
engines) that use imported and subsidized fossil fuels in some cases [4-6]. For fossil fuel
rich developing countries, relying on the revenues of oil and gas production increases their
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vulnerability towards a shift in the energy landscape. An increasing domestic demand
along with a future reduction of fossil fuels in the world energy mix could compromise
the export capability of these nations and the imports of fossil fuels [7,8]. However, some
of these nations would have a key role in the change of the energy landscape given their
vast remaining renewable potential and their rising electricity demand. In fact, many of
them have included the deployment of renewables as part of their national plans to meet
their increasing electricity needs [9-17]. Moreover, given the energy consumption levels,
the size of the economies, and the features of the energy systems, these nations are suitable
for more rapid and feasible transformations [6].

Energy transition plans to be successful must include policies aligned to energy system
features and these narratives must enclose energy supply, and energy demand. Despite
the urgency of reducing GHG emissions, it is expected that the transition process would
require time, favorable economics, technological change, and access to resources [3,18].
However, energy transition must be quick enough to avoid increasing environmental
problems, potential shortages, and economic decay [19].

Analyzing the possible pathways towards a transition includes assessing the dynamics
between energy, technology, economy-society, and environment. To capture the interaction
of these subsystems, the use of Integrated Assessment Models (IAM) provides a solid
framework [20] that has been used at both national and global scale [21-30].

Regarding fossil fuel rich developing countries, particularly Ecuador, several studies
have been developed using IAMs. Most of them have focused on visualizing long-term
pathways of the energy system in general [28,31,32], the transport sector [31-34], the
development of renewables for electricity generation [29,31,35,36], implementation of
energy efficiency [32,34,37], and implementation of National Determined Contributions
(NDC) [30]. Only one study has explored deep decarbonization scenarios aligned to the
Paris Agreement and the link between energy and land use [38].

Even though some of these studies have included biophysical limits at the national
level, specifically oil reserves [31,32,38], global restrictions regarding fossil fuels supply
(natural gas, oil, and oil products) have not been considered. Moreover, energy demand
has been exogenously modeled, and there are no interactions between resources’ possible
scarcity in the future, continuous economic growth, and energy use. A clear example is that
all IAMs developed for Ecuador so far have assumed that the country might have access
to all energy imports necessary for maintaining the expected growth of economic activity.
However, this assumption is questionable given that developed countries with much larger
economies would have priority in case of shortages in world energy supply.

Ecuadorian Energy Development under Energy Constraints (EEDEC) is a new sim-
ulation model based on a system dynamics approach that evaluates the effects of oil and
oil products’ scarcity in the energy system considering both supply and demand. Energy
supply will depend on national and global energy availability and energy infrastructures.
If there is energy scarcity, pressure to improve energy intensity and source replacement for
more abundant sources will occur based on established limits. Once these limits have been
reached, economic activity will be adjusted based on energy availability (Supplementary
Material offers a vast description of the model).

Considering the approach and methodological frameworks used in the previous
studies, it is of interest to analyze the implications that economic growth, and both local and
global biophysical constraints might have in Ecuador’s energy system towards a transition
process given its status of fossil fuel rich developing country [39], and its renewables
potential [40,41].

The objective of this paper is to evaluate medium term energy transition scenarios for
Ecuador under expected economic growth and to what extent this economic development
is feasible based on local and global resource availability, current national energy plans,
and ambitious decarbonization goals. For this aim, the EEDEC simulation model has been
used. This tool has the potential to assess policies and strategies focused on reducing fossil
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fuels share in the energy mix and inform decision makers of potential energy scarcity that
might compromise economic growth.

Following the introduction, Section 2 describes the methodology used for this research.
Section 3 presents the results followed by the discussion in Section 4. Section 5 gives
conclusions and future work.

2. Materials and Methods

In this section, an overview of the Ecuadorian energy context will be presented first,
followed by the description of the EEDEC model and scenario design.

Ecuadorian primary energy production is composed mainly of oil, which in 2020 made
up 86% of the total. On average, around 72% of total oil extracted is exported, whereas the
remaining goes to local refineries. Hydro covers around 7% of primary production, and the
remaining 7% is composed of natural gas, biomass, and other primary sources. Regarding
secondary energy production, electricity holds the largest share with around 30% of total,
followed by fuel oil (26%), diesel oil (15%), and gasolines (13%) [42].

Energy demand has been historically dominated by the transport sector, which in 2020
took 45% of total final energy, far above the 17% used by industry and the 15% consumed
by households. Such a large demand in transport is reflected in the share of fuels used,
where the largest contributors are diesel oil (31%) and gasoline (26%). Electricity and LPG
are important energy sources used in households and commercial sectors that make up
another 31% of the share [42].

Due to limited refining capacity, gasoline and diesel production are not enough to
meet demand. Around 69% of diesel and 70% of gasoline used are imported. In this sense,
access to global oil products trade constitute a vital matter for the Ecuadorian state. LPG
represents another 12% of total energy consumption and presents the same limitations
of diesel and gasolines, as about 85% of it must be imported to meet the demand [43].
Electricity demand represented 19% of total demand in 2020, requiring almost no imports.

Oil reserves are around 8.3 billion barrels in proved reserves, (considering both ex-
tracted and remaining oil) [44]. Considering proved reserves, Ecuador has exploited
around 71% of its reserves by 2020. According to the Oil Potential Report published by the
Ecuadorian Secretariat of Hydrocarbons in 2018, 2P (proved and probable) reserves were
updated to around 8.5 billion barrels, while the most optimistic 3P (proved, probable, and
possible) reserves including contingent and yet-to-find resources were estimated in 10.9
billion barrels [45].

Ecuador has extracted on average 190 million barrels [MBbl] of oil per year between
2010 and 2020 [42], reaching a peak in 2014 with 203 MBbl. In 2020, Ecuador exported
126.4 MBDbI of oil, which represented around 72% of the total production [42]. Crude oil
represented 49% of the total export earnings and 24% of the government revenues in 2020,
while the oil industry accounted for 9.5% of GDP of in the same year. On average, oil
extraction and related services has represented 10.6% of total GDP [46,47]

Ecuador has experienced major change in its electricity mix in the past 15 years. In 2010,
fossil generation had the largest share with 54% of total installed capacity, followed by hydro
with 44% and 2% nonconventional renewable energy (solar PV, wind, and biomass) [42].
Following the development of large hydropower projects, installed capacity in 2020 was
led by hydro (59%), while fossil thermal fell to 39% and other renewables stayed at about
2%. Electricity imports and exports were also affected and by 2016, electricity exports to
neighboring countries Colombia and Peru exceeded imports for the first time [48].

The economically feasible hydropower potential is estimated to be 22,000 MW [40]. In
the case of solar energy, the national solar average insolation is 4.575 Wh/m? /day, reaching
maximums around 5748 Wh/m?/ day in some zones of the country, which are considered
suitable conditions for the development of solar photovoltaics [49]. Other studies indicate
solar PV has a complementary potential to hydropower of 16,637 MWp [50]. The potential
for wind capacity is estimated to be around 884 MW [51]. Finally, biomass potential capacity
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has been assessed to lie near 500 MW, while geothermal capacity, located mainly in the
volcanic areas in the Andean region of the country, could reach 900 MWe [40].

Future planning of power sector in Ecuador is mainly guided by the Electricity Master
Plan (EMP) and the National Plan of Energy Efficiency (NPEE). The first forecasts power
demand under different scenarios, and provides the guidance to build the required gen-
eration, transmission, and distribution infrastructure to meet the power demand in the
proposed scenarios. The current version of the EMP covers the period 2018-2027 [51].

The second serves as the main policy guidance document for the implementation
of energy efficiency measures covering the period 2016-2035. The plan defines six main
energy efficiency pivotal points: legal, households, industry, transport, energy own use,
and measures in the Galapagos Islands [52].

Ecuadorian Energy Development under Energy Constraints (EEDEC) is system dy-
namics in a simulation model that allows the integration of different perspectives and
feedback from variables that are part of Ecuador’s energy system [53]. The model has
been used as a structural reference for some of its subsystems, the model MEDEAS, and
model WoLiM [23,54]. It was developed in Vensim DSS software, it runs from 2000 to
2050, and manages 14 energy sources. The main modules are energy demand, energy
availability, energy infrastructures, emissions, and energy indicators. Figure 1 depicts the
schematic overview of the model. The boxes depict the main outputs of the model, whereas
arrows represent the main variables used in the model to generate these outputs and the
dependence between outputs. A brief description of the modules is presented, whereas a
full description of the model is found in [53] and in Supplementary Material in this paper.

Oil export
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1 Energy l
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) National
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Figure 1. Schematic overview of EEDEC model [53].

Energy Demand: For estimating energy demand, two approaches have been con-
sidered: (1) a top-down approach that uses projected economic activity, households’
consumption, and energy intensity [55]. The latter will vary based on both efficiency
improvements and source substitutions that depend on policies, and physical scarcity
of energy sources; (2) a bottom-up approach that considers subsectors and technologies
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used. Household’s transport, freight, and passenger transport. Energy intensity will de-
pend on the share that considered technologies might have according to implemented
penetration policies.

Energy Availability: The availability of renewable and non-renewable sources is subject
to biophysical and temporal constraints. Availability of national primary non-renewable
sources (oil and natural gas) is restricted by stocks and flows. Intermittency of variable
renewables is addressed by computing overcapacities that depend on its penetration in the
mix. Energy availability, specifically for oil and oil products, will include the interactions
with the global context considering inputs from the MEDEAS world model [23].

Energy Infrastructure: This module includes infrastructures for electricity generation,
oil refining, and biofuels production (ethanol specifically)—the first considering planning
and construction delays. Electricity generation from renewables is prioritized to cover
demand and capacity expansion will depend on requirements, policies implemented, and
resource potential available.

Emissions and energy transition indicators: Greenhouse gas (GHG) emissions from
energy use are quantified in this module. Energy transition scenarios are evaluated based
on the indicators proposed by the International Energy Agency (IEA) [56]. The model
also calculates the fossil fuels trade balance based on prices depicted in IEA World Energy
Outlook 2020 and the World Energy Model [57].

EEDEC dynamically works based on the following logic: For each period, sectoral
economic activity projections based on Gross Domestic Product is set. Energy demand
is computed based on economic activity and energy intensities for each sector and
source. Energy supply will depend on national and global availability of energy sources
and energy infrastructures to fulfill the demand. If availability of national resources
is not enough to satisfy the demand, energy imports will be needed, and the amount
of energy to be imported will depend on the global supply of the source and the share
that the country has in world demand. In case of energy scarcity, a pressure to improve
energy intensity, substitution for more abundant sources, and a higher penetration of
new technologies will occur considering limits imposed by historical data and both
national and global perspectives. After maximum limits of reducing energy intensity
and substituting energy sources are reached, economic activity is adjusted based on
energy supply. GHG emissions, energy transition indicators, and fossil fuel trade balance
are calculated.

Six scenarios were constructed to evaluate the impact of energy transition policies
using the EEDEC model. For every scenario, a set of assumptions regarding technology
perspectives, global energy context, national and global energy availability, and policy
implementation are used based on a specific storyline. Possible future states were built
based on the qualitative storylines of a combined multidisciplinary view of energy
transition scenarios for Ecuador [58,59]. Projections of economic activity for all scenarios
consider the expected changes in the region due to the pandemic for 2020, 2021, and
2022 [60]. From 2023 onwards, it is assumed that GDP average annual growth rate would
follow pre-pandemic decade (2010-2019) trends (2.7%), which is in accordance with
previous studies [29].

The first two scenarios depict a Business as Usual (BAU) storyline that will be the
base to compare policies in place with more ambitious energy transition strategies. In this
scenario, variations of energy demand under a top-down approach are based on historical
energy intensity trends obtained as an analysis of energy statistics [48,61-63]. Regarding
bottom-up modeling for road transport, penetration of alternative technologies (hybrid,
electric vehicles) is to follow current trends as well. In the case of infrastructures for energy
supply, specifically oil refining capacity and yield, will remain with current values [64].
Regarding oil, the country will seek to export the maximum amount possible based on
availability. Fossil fuels’ prices (including oil, oil products, and natural gas), are expected to
follow the stated policies scenario of [57]. For electricity generation, the most conservative
case of current expansion plans is considered [40].



Energies 2022, 15, 6938

6 of 25

The second set of scenarios involve a conservative effort towards energy transition
(CEET). Policies focused on improving energy intensity and source substitution are con-
sidered with moderate targets. The replacement of oil products for electricity is one of the
main drivers following the action lines stated in the National Plan for Energy Efficiency [65].
Regarding oil, exports will be reduced compared to BAU scenarios considering the amount
of oil embedded in petroleum product imports plus a fraction of national oil demand.
For electricity generation, CEET scenarios include the most ambitious case according to
current national plans [51]. After current plans are implemented, average growth rates
for renewables capacity are considered. Fossil fuels” prices are expected to follow the
sustainable development scenario of [57].

The third set of scenarios encompass a maximum effort towards energy transition
(MEET). More ambitious policy targets compared to CEET scenarios are implemented for
improving energy intensity and source substitution. Additional strategies such as use of
biomass in industry and non-motorized mobility are included. To avoid a rapid decline
in oil reserves, an export policy of oil sovereignty is implemented, which means that the
country will export only the amount of oil embedded in imported petroleum products
necessary to cover domestic demand. Although MEET scenarios include the same case of
power capacity expansion as CEET [51], higher growth rates for renewables power capacity
are considered after current plans are implemented. Fossil fuels’ prices will follow the same
trend as in CEET scenarios (Table 1).

Table 1. Scenarios modeled in EEDEC.

Storyline Scenario Description

This scenario follows current trends. It considers a

BAU BAU_p national oil availability of 7800 MBbl.
BAU Similar to BAU_,p scenario but considers national oil
-0 availability of 10,700 MBbl
CEET This scenario includes policies that will seek to reduce
Conservative —2P dependency on fossil fuels. Targets are moderate.
Energy Transition CEET Similar to CEET_,p scenario but considers national oil
-0 availability of 10,700 MBbl
MEET This is a disruptive scenario that implements a strong,
Ambitious Energy -2r proactive energy transition.
Transition Similar to MEET_,p scenario but considers national oil
MEET_o

availability of 10,700 MBbl

In all energy transition scenarios, oil refining infrastructures are expected to remain
unchanged. Main assumptions regarding efficiency improvement, source substitution (for
a top-down approach in industry, commercial, others, and households), and technology
penetration targets (under bottom-up approach for road commercial transport and for
households’ transport) were developed based on a literature review [27,34,38,66-74].

For all scenarios, national oil availability was analyzed based on the study developed
by [43]. Two values of ultimate recoverable resources (URR) are considered (7800 [MBbl]
and 10,700 [MBDbl]). Regarding fossil fuels’ global availability, imports are constrained by
oil and natural gas supply taken from [23] and the share that the country has had in total
world demand.

Table 2 presents the main assumptions and bounds of each storyline, and Supplemen-
tary Material offers a detailed description.
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Table 2. Scenario main assumptions.

Scenarios
Sector Parameter
BAU CEET MEET
Share Hybrid Low Duty 20% by 2050 30% by 2050
Share Electric Low Duty 18% by 2050 28% by 2050
Share Hybrid Heavy Duty 5% by 2050 15% by 2050
Transport Share Nat. Gas Heavy Duty ~ Will follow current trends 20% by 2050 40% by 2050
Share Electric Bus 35% by 2050 85% by 2050
Share Hybrid VAN 10% by 2050 30% by 2050
Share Electric VAN 20% by 2050 40% by 2050
Share 2 wheelers 55% by 2050 2 60% by 2050 2
Share Hybrid 4 wheelers 20% by 2050 b 30% by 2050 P
Transport Share Electric 4 wheelers Wil follow current trends 18% by 2050 ® 28% by 2050 b
Households
Share Electric 2 wheelers 30% by 2050 ¢ 60% by 2050 ©
Share Sustainable Mobility 10% by 2050 ® 20% by 2050
Enerev Intensit Electricity with slow Electricity with fast
Impr%}\]/ement y Will follow current trends exponential improvement at ~ exponential improvement at
max yearly rate of 2% max yearly rate of 4%
Households
LPG with electricity. Slow LPG with electricity. Fast
Source Substitution No substitution exponential substitution at exponential substitution at
max yearly rate of 1.1% max yearly rate of 3%
Natural Gas, electricity, LPG,  Natural Gas, electricity, LPG,
Energy Intensity . Diesel, and Fuel Oil slow Diesel, and Fuel Oil fast
Will follow current trends 1 1
Improvement exponential improvement at exponential improvement at
max yearly rate of 9% max yearly rate of 9%
LPG with Natural Gas (30%),  LPG with Electricity (70%),
Electricity (70%) and biomass (30%)
Slow exponential substitution ~ Fast exponential substitution
at max yearly rate of 16% at max yearly rate of 16%
Industry Diesel with Natural Gas Diesel with Electricity (80%),
Source Substitution No substitution (20%), Electricity (80%) and biomass (20%)
Slow exponential substitution ~ Fast exponential substitution
at max yearly rate of 13% at max yearly rate of 13%
Fuel Oil with Natural Gas Fuel Oil with Natural Gas
(20%), Electricity (80%) (20%), Electricity (80%)
Slow exponential substitution ~ Fast exponential substitution
at max yearly rate of 12% at max yearly rate of 12%
Electricity, LPG, Gasoline, Electricity, LPG, Gasoline,
Energy Intensity . Diesel, and Fuel Oil slow Diesel, and Fuel Oil fast
Will follow current trends 1 1
Improvement exponential improvement at exponential improvement at
max yearly rate of 4% max yearly rate of 4%
LPG with Electricity LPG with Electricity
Slow exponential substitution ~ Fast exponential substitution
Commercial- at max yearly rate of 4% at max yearly rate of 4%
Public

Source Substitution

No substitution

Diesel with Electricity

Diesel with Electricity

Slow exponential substitution
at max yearly rate of 4%

Fast exponential substitution
at max yearly rate of 4%

Fuel Oil with Electricity

Fuel Oil with Electricity

Slow exponential substitution
at max yearly rate of 4%

Fast exponential substitution
at max yearly rate of 4%
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Table 2. Cont.

Scenarios
Sector Parameter
BAU CEET MEET
Electricity, LPG, Gasoline, Electricity, LPG, Gasoline,
Energy Intensity . Diesel, and Fuel Oil slow Diesel, and Fuel Oil fast
Will follow current trends . .
Improvement exponent1al improvement at exponent1a1 improvement at
a max yearly rate of 7% a max yearly rate of 7%
LPG with Electricity LPG with Electricity
Slow exponential substitution ~ Fast exponential substitution
at max yearly rate of 4% at max yearly rate of 10%
Others
Diesel with Electricity Diesel with Electricity
Source Substitution No substitution Slow exponential substitution ~ Fast exponential substitution
at max yearly rate of 2% at max yearly rate of 6%
Fuel Oil with Electricity Fuel Oil with Electricity
Slow exponential substitution ~ Fast exponential substitution
at max yearly rate of 1% at max yearly rate of 3%
Planned Installed Capacity ~ Base Case Electricity Master Productive Matrix Case Productive Matrix Case
for Renewables up to 2027 Plan [52] Electricity Master Plan [52] Electricity Master Plan [52]
Hydro: 7.8% Hydro: 9.4% Hydro: 13.5%
Wind: 30.8% Wind: 37% Wind: 53.2%
Power Capacity  Growth Rate of Installed Solar PV: 69% Solar PV: 83% Solar PV: 119%
Capacity for Renewables
from 2027 Geothermal: 0% Geothermal: 0% Geothermal: 0%
Biomass: 6.1% Biomass: 7.3% Biomass: 10.5%
Biogas: 11.3% Biogas: 13.6% Biogas: 19.6%
Hydro Hydro: 22,000 Mwe [11] Hydro: 22,000 Mwe [11] Hydro: 22,000 Mwe [11]
Wind Wind: 884 Mwe [11] Wind: 884 Mwe [11] Wind: 884 Mwe [11]
Renewables Solar PV Solar PV: 16,637 MWp [51] Solar PV: 16,637 MWp [51] Solar PV: 16,637 MWp [51]
Potential Geothermal Geothermal: 2700 MWth [11]  Geothermal: 2700 MWth [11]  Geothermal: 2700 MW'th [11]
Biomass Biomass: 92,233 TJ/Year [41] Biomass: 230,584 T]/Year [41]  Biomass: 230,584 TJ/Year [41]
Biogas Biogas: 223.4 T]/Year [41] Biogas: 223.4 T]/Year [41] Biogas: 223.4 T] / Year [41]
Oil Oil Export Policy Maximum exports Reduced exports 4 Qil sovereignty ©

Fossil Fuels

Fossil Fuels Prices

Stated Policies [57]

Sustainable Development [57]

Sustainable Development [57]

2 Share of total household vehicles (2 wheelers + 4 wheelers) ® Share in 4 wheelers © Share in 2 wheelers. ¢ Exports
include oil embedded in imports plus a fraction of national oil demand (30% by default). ¢ Exports include only
the amount of oil embedded in imported petroleum products necessary to cover domestic demand.

3. Results

This section presents the simulation results of the EEDEC model for scenarios BAU_2P,
BAU_O, CEET_2P, CEET_O, MEET_2P, and MEET_O. Energy supply (electricity generation,
petroleum products production, and oil extraction) is presented first. Then the effects of
energy scarcity, and policies for energy intensity improvement and source substitution
on energy demand and economic activity are analyzed. Emissions, and energy transition
indicators for each scenario are described in the end.

3.1. Energy Supply
3.1.1. Oil Extraction and Petroleum Products Production

The evolution of oil extraction, petroleum products production, and oil reserves deple-
tion are presented in Figure 2a—c. Scenarios with oil availability of 7800 MBbl (2P) depict a
steep decline in production of petroleum products by the next decade, due to a decay in
oil reserves and restricted access to oil imports. Moreover, strategies focused on reducing
oil exports might not have effects on delaying and reducing reserves depletion (results
not shown), and by 2040, the country might have run out of oil. Under oil availability of
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10,700 MBDbI (O) scenarios show a steady production of petroleum products during the
period under analysis, which reduces imports.
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Figure 2. Evolution of (a) Oil extraction, (b) Petroleum Products production, and (c) Oil reserves

depletion per scenario.



Energies 2022, 15, 6938

10 of 25

For the same amount of oil reserves, similar performances are obtained for oil supply,
regardless of the scenario (BAU, CEET, and MEET). Given that scenarios are equally affected
by the biophysical limits in extraction and the limits of current refineries installed capacity,
there is no room for action in this supply area.

3.1.2. Electricity

If current trends persist in the use of electricity (Figure 3a), by 2050, demand would be
between 3.1 and 3.3 times its value in 2020 (BAU_2P and BAU_O scenarios, respectively).
For CEET scenarios, the effect of policies focused on improving energy intensity of electricity
would result in a demand 30%, and 29% lower by 2050 compared to BAU. Regarding
MEET scenarios, ambitious policies to improve energy intensity and increase in the use
of electricity in detriment of fossil fuels might result in a demand 7.4% and 12.8% higher
than CEET scenarios by 2050. Policies focused on improving the use of electricity are a key
factor to avoid an abrupt increase in demand given the substitution policies applied in a
sector such as households (including transport), industry, and commercial.

Electricity Generation and Demand

100,000
90,000 i
80,000
70,000

60,000

GWh

50,000

40,000
r
30,000 14
20,000 I
10,000 I
=]
a
[=11=]
RI<

o

2050

n
<
S

s

CEET_2pP MEET_2P ‘

mmmmms NRE s RES Total Demand

@)

Power Capacity per Technology and Scenario
20,000 -
17,500 A I

15,000 - ‘ I
2 10,000 -

7,500 A

CEET_2P

5,000 -

2,500 -

MEET_2P

W Biogas M Biomass & Geothermal Hydro B NRE mSolar PV

(b)

Figure 3. Evolution of (a) Electricity generation and demand, (b) Installed capacity per scenario.
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All scenarios analyzed depict a reduction in electricity from fossil fuels, reaching
the lowest point in 2030 (around 8%) due to the planned expansion of installed capacity,
specially from hydropower (Figure 3b). In BAU scenarios, electricity from NRE increases
its share after 2030 indicating that current trends on the development of RES might not be
capable of reducing the use of fossil fuels in electricity, which would increase their share
by 2050 (around 23%). In the case of CEET scenarios, the rise of electricity demand might
pressure the system to increment generation from NRE up to 2040, to later decrease, and
reach in 2050, similar values as of 2030 (around 8%). In the case of MEET_O scenario,
the share of NRE remains relatively constant from 2040 to 2050 with an average value of
16%. This indicates that the most ambitious case of introduction of renewable energy for
electricity generation would not be able to cover the massive substitution of oil products.
However, the contribution of NRE in total electricity generation would still present impor-
tant reductions compared to BAU. It is noted that scenarios with a larger availability of
national oil (BAU_O, CEET_O, MEET_O) present a higher share of NRE in the mix.

Installed capacity shows hydropower as the most important source in the mix with an
average share of 64-67% from 2030 to 2050 depending on the scenario (Figure 3b). Solar
PV capacity would reach shares between 8% to 12% by 2050, and wind capacity might
represent 2-2.3%. Regarding the rest of the renewables considered (Biomass, Biogas, and
Geothermal), their combined share by 2050 would be in the range of 0.7-1.3%. Even in
the most optimistic scenario of deployment of renewables, nearly 15% of the electricity
produced might come from fossil fuels.

CEET and MEET scenarios result in a lower electricity generation and demand, but
with similar amount of total power capacity to BAU scenarios that would allow the country
to export electricity to Colombia and Peru.

3.2. Energy Demand, Economic Activity, and Energy Intensity

Energy demand per sector for each scenario is depicted in Figure 4. For BAU scenarios,
a peak on demand would be foreseeable by 2040 with a decay of 13% up to 2050 in BAU_2P,
and 0.8% in BAU_O. This reduction in demand is attributed to deficits in energy supply
that pressure the system to improve energy intensity to maximum limits, and, once they
have been reached, a decrease in economic activity is inevitable (Figure 5). Demand in the
BAU_O scenario by 2050 would be 14% higher than BAU_2P indicating the criticality of oil
to meet energy requirements if current trends persist. From 2020 to 2050, the BAU_2P and
BAU_O scenarios present a 44%, and 64% increment in final energy demand respectively
and a 41% and 66% increase in GDP (Figure 5).

For CEET scenarios, energy demand would peak by 2040 in CEET_2P and 2045 in
CEET_O as consequence of the decrease of the energy supply. Compared to BAU scenarios,
energy demand by 2050 would be between 0.6% to 1.9% lower. However, economic activity
would be 14%-18% higher (Figure 5), and energy intensity would reduce 13.7%-13.9% by
2050 in CEET scenarios (Figure 6). GDP would grow at an average yearly rate 2.3% for
CEET_2P, and 2.5% for CEET_O. This indicates that even in a conservative case, the effects
of the policies implemented towards energy transition would contribute to avoid economic
collapse due to energy shortages.

Regarding MEET scenarios, energy demand would reach similar values to BAU
scenarios (0.3-0.5% higher) by 2050, but economic activity would be 34% to 36% higher.
A maximum effort towards energy efficiency improvement and reducing the use of fossil
fuels would bring energy intensity values by 2050 to be 19-19.3% lower compared to BAU
scenarios. Even in the MEET scenario, considering 2P oil reserves, an economic peak is
reached in 2045 and degrowth afterwards. In addition, 2.7% economic growth estimations
from [60] would only be feasible in MEET_O, with the strongest efforts for energy transition
scenario and optimistic oil reserves.
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Figure 4. Evolution of energy demand per sector and scenario.

Economic Activity per Scenario
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Industry would register a share reduction in total demand by 2050 in all scenarios,
from 20-23% in BAU, to 9-10% in CEET, and 8-9% in MEET. This sector has the largest
energy intensity improvement among all with an average yearly rate of 3% for CEET
scenarios and 3.5% for MEET scenarios due to aggressive policies implemented. Industry
is the least affected sector in case of energy scarcity, given that economic activity would
grow at average rates of 2.6% in all scenarios.

Regarding the commercial sector, its share in total demand would remain in values
from 12% to 15%. Energy intensity would continue to increase in BAU and CEET scenarios,
whereas in MEET scenarios, improvements of around 7% would be feasible by 2050 com-
pared to 2020 values. This indicates that policies implemented in this sector are not capable
to revert the inertial trend on the evolution of energy intensity. However, energy scarcity
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would not have a severe effect on the commercial sector’s economic activity. Scenarios
depict with average growth rates of 2-2.7%.

Energy Intensity by Sector
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Figure 6. Evolution of energy intensity per sector and scenario.

Household's sector including private transport would register the second largest share
in all scenarios with values from 20% to 21% by 2050. Policies implemented in households
transport would reduce energy intensity on an average yearly rate of 2.2% up to 2050.
However, energy scarcity would cause Households private consumption to decay starting
in 2038-2039 for BAU scenarios, and in 2041-2043 for CEET scenarios. MEET_2P scenario
shows a downward trend starting in 2047, whereas in MEET_O, private consumption
would steadily grow up to 2050.

In all scenarios, transport takes the largest share in total energy demand with values
from 28% to 44% in 2050. Energy intensity shows a slight improvement in CEET and
MEET scenarios with 3% and 7% reduction by 2050 compared to 2020 values. Regarding
economic activity reduction due to energy scarcity, this sector would start a downward
trend in 2038-2039 for BAU scenarios, 2041-2045 for CEET scenarios, and 2048 in MEET_2P
scenario. In the case of MEET_O scenario, a steady growth is foreseeable.

The “Others” sector would have a share of 15-17% in total energy demand by 2050
depending on the scenario. Policies implemented would reduce energy intensity in 22-24%
for CEET scenarios and 32-33% for MEET scenarios compared to BAU scenarios by 2050.
Economic activity would tend to decay in BAU scenarios due to shortages in energy supply
starting in 2038. For CEET and MEET scenarios, economic activity might continue to grow
at average rates between 2.4% and 2.7%, which shows the effect that energy efficiency
policies might have.

Transport, Households (due to the use of private vehicles), and “Others” would be the
most affected sectors without ambitious policies for energy efficiency. In BAU scenarios,
economic activity of these sectors would have the largest reductions. It is worth highlighting
that these sectors are characterized a high dependency on petroleum products (above 70%
of total sector demand).

Energy demand per source and scenario is depicted in Figure 7. In all scenarios, the
main energy sources used are diesel (25-30% in total demand by 2050), electricity (27-37%),
gasoline (19-25%), and LPG (7-9%). Diesel demand describes peaks in 2038 and 2039 for
BAU_2P and BAU_O scenarios, respectively due to constraints on its national production
and imports. Conservative efforts towards a transition would delay the effects of diesel
constraints and demand would peak in 2040 for CEET_2P and 2045 for CEET_O. However,
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demand in CEET scenarios is higher than BAU given the increment in economic activity.
Regarding MEET_2P scenario, diesel constraints will produce a peak in demand by 2048,
and in the MEET_O demand would register maximum values by 2050. LPG demand in
BAU, CEET and MEET scenarios depict peaks in the same years as diesel oil. Regarding
gasoline, demand would be affected and peak in the same years as diesel oil in BAU and
CEET scenarios. In MEET scenarios, gasoline (demand) would peak in 2032 which shows
the effects of policies implemented, especially the introduction of alternative technologies
for private vehicles (Households, Transport).
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Figure 7. Evolution of energy demand per source and scenario.

Compared to BAU scenarios, CEET and MEET depict an increment on the demand
of natural gas (4-5% share by 2050), biomass (1.7-3%), and ethanol (1-1.6%). Natural
gas demand increases given the policies implemented to substitute diesel in industry and
transport (specifically in heavy duty vehicles), and LPG in industry. Regarding biomass,
it is used to replace diesel and LPG in industry, and in the case of ethanol, it is used in
transport to partially replace gasoline. Even in the most ambitious transition scenarios,
fossil fuels would still play a key role with around 69% to 72% share in total demand by
2050. The most demanded petroleum products (diesel, gasoline, and LPG) would continue
to be the most imported as well.

3.3. Transition in Transport Sector

In Figure 8a—e, the effects of policies developed for transport (households and com-
mercial transport) are shown.

In the case of private vehicles, current trends in technology share indicate the pre-
dominance of gasoline four wheelers and two wheelers and the urgency to implement
policies that would reduce the use of gasoline vehicles. In CEET scenarios with the increase
of the share of two wheelers and the introduction of hybrid and electric technologies as
well as sustainable mobility, gasoline four wheelers” and two wheelers’ combined share
would reach 61% by 2050. This would produce an improvement in energy intensity of 42%
by 2050 compared to BAU scenarios. Regarding MEET scenarios, they describe a more
ambitious strategy that would reduce the combined share of gasoline vehicles to 39% by
2050. It is worth noting the role of electric two wheelers (29%), hybrid and electric four
wheelers (12.5% and 11%, respectively), and sustainable mobility (8%) in reducing energy
intensity of private transport in 59% by 2050 compared to BAU.
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Figure 8. Evolution of Total Fleet and Technology share per scenario for (a) Households vehicles,
(b) Bus (c) Heavy Duty, (d) Low Duty. (e) VAN.

Commercial road transport depicts concerning trends under BAU scenarios for all
vehicle types, given that diesel vehicles would remain the most used technology, facing
potential shortages due to the reduction of petroleum products’ supply starting in 2038.
CEET scenarios show a panorama with a slight introduction of alternative technologies
in all vehicle types. Even though the considerable increase in the share of hybrid and
electric technologies in categories such as Buses, Low Duty, or VAN (between 30% and
40% by 2050), energy intensity by 2050 is only 2% lower compared to BAU (Figure 6). This
indicates that Heavy Duty vehicle is the category that takes the largest share in terms of
energy intensity and energy demand in the transport sector. Policies implemented in this
category have considered the introduction of hybrid and natural gas vehicles in detriment
of diesel vehicles.

MEET scenarios depict an important change in the technology mix among all vehicle
categories, especially for buses (80-81% electric by 2050), low duty (29% hybrid and 27%
electric), and VANSs (29% hybrid and 39% electric). Nevertheless, energy intensity by 2050
would only be 6% lower than BAU scenarios given that Heavy Duty vehicles still have
a large share of technologies that are less efficient compared to hybrid (Diesel 40%, and
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Natural Gas 39%). Even the most ambitious scenario towards an energy transition in this
sector does not have a profound effect due to limitations imposed by the national context.
Regarding total fleet in all transport types, BAU scenarios, CEET scenarios, and MEET_2P
scenarios show a downward trend due energy scarcity and its consequent reduction of
economic activity as depicted Figure 3.

3.4. Emissions and Indicators

Greenhouse gas (GHG) emissions from final demand evolve differently depending
on the scenario (Figure 9). A considerable reduction of GHG emissions would occur in
BAU scenarios due to GDP decay caused by energy scarcity. By 2050, emissions in BAU_2P
would reach 2024 values, whereas in BAU_O it will reach 2031 values. Emissions for the
CEET_2P and CEET_O scenarios would peak in 2040 and 2045, respectively. Values by
2050 would be 7% and 2% higher compared to their corresponding BAU scenarios, due to a
higher economic activity.

Emissions from final energy demand
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Figure 9. Evolution of GHG emissions per scenario.

In the MEET_2P scenario, the evolution of GHG emissions present a moderate slope
that peaks around 2046, reaching by 2050, values 11% higher compared to BAU_2P. In the
case of the MEET_O scenario, a higher economic activity fostered by a larger availability
of national oil would result in emissions 8% higher than BAU_O by 2050. However, this
scenario is the only one where sustained economic growth would be feasible.

Table 3 compares the trajectory that GDP per capita and final energy consumption per
capita (GDPpc) might have for Ecuador under scenarios analyzed versus the world under
a BAU trend taken from the MEDEAS model [23].

For the timeframe analyzed, even though there is a trend that reduces the difference
between national and global values for transition scenarios, by 2050, GDPpc for Ecuador
would still be 43-35% lower than world levels. Likewise, Total Final Energy Consumption
per capita (TFECpc) for Ecuador would be 20-26% lower than world values reported
by [23]. This means that Ecuador would still have the opportunity of a higher economic
growth. Nevertheless, a more optimistic economic scenario would require an even more
disruptive scenario than MEET with more ambitious strategies. It is worth assessing how
big the difference would be under a global scenario towards energy transition.
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Table 3. Comparison of GDP per capita and Total Final Energy Consumption per capita for EEDEC

and MEDEAS.
Indicator Year EEDEC! EEDEC! EEDEC! EEDEC! EEDEC! EEDEC! MEDEAS
BAU ,p BAU o CEET ,p CEET o MEET ,p MEET o Ref [23]
2020 2819 2819 2819 2819 2819 2819 7300
2025 3044 3044 3044 3044 3044 3044 7400
GDP per capita 2030 3281 3281 3281 3281 3281 3281 7500
[USDlg95 / }eron] 2035 3561 3561 3561 3561 3561 3561 7700
P 2040 3602 3748 3892 3892 3892 3892 7600
2045 3511 3725 4013 4281 4281 4249 7500
2050 3421 3801 4200 4480 4454 4739 7400
2020 29 31 31 31 31 31 55
2025 31 29 29 29 29 29 54
. 2030 33 31 31 31 31 31 53
TF[g? /pe;rrggﬁifa 2035 36 33 33 33 32 32 52
P 2040 37 36 36 36 32 32 51
2045 34 38 38 38 33 33 50
2050 31 37 35 39 34 33 49
1 EEDEC GDP was converted to 1995 USD.

Table 4 shows the evolution of energy transition indicators for each scenario. To
analyze the outcome of policies implemented, a comparison with global perspectives
has been done using as a reference, the analysis performed by the IEA for 2040 [56] and
2050 [75].

Table 4. Evolution of Energy Transition Indicators per scenario.
Scenario
Stated Sustainable
Indicator Year BAU_,p BAU_o CEET_,p CEET_o MEET_p MEET_o Policies Development
IEA [56,75] IEA [56,75]
2020 58.5 58.5 58.5 58.5 58.5 58.5
2025 56.6 56.6 56.6 56.6 56.6 56.6
. 2030 55.4 55.3 55.2 55.1 55.4 55.4
Final Energy
Carbon Intensity 2035 54.2 54.2 53.5 53.4 53.6 53.6
[TON COneq/T]] 2040 52.5 52.8 52.3 52.3 51.0 51.0 66.8 [56] 40.6 [56]
2045 49.0 49.6 50.7 51.3 494 49.5
2050 44.0 45.8 49.0 49.8 48.4 48.6
2020 192.6 192.6 192.6 192.6 193.0 193.0
2025 234.0 234.0 217.0 217.0 217.4 2174
Power Carbon 2030 83.0 83.0 83.2 83.2 83.7 83.7
Intensity [TON 2035 104.6 105.9 129.3 132.9 82.0 82.1
COzeq/GWh] 2040 178.7 197.0 173.6 174.7 140.3 139.7
2045 194.8 206.4 98.6 139.8 168.2 142.7
2050 178.5 198.0 83.4 83.0 80.9 126.7 225.6 [75] 17.0 [75]
2020 17.98 17.98 17.98 17.98 17.98 17.98
2025 20.06 20.06 20.06 20.06 20.06 20.06
2030 21.35 21.39 21.54 21.65 21.12 21.13
Electricity Share in 2035 257 22,62 2327 23.42 22.46 22.46
final demand [%]
2040 24.86 24.34 24.13 24.25 24.78 24.76 27 [56] 33 [56]
2045 29.78 28.85 25.66 24.76 26.39 26.28
2050 36.96 34.29 27.11 25.90 27.68 27.05
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Regarding Final Energy Carbon Intensity, BAU scenarios show a decay mainly at-
tributed to the reduction in energy demand caused by scarcity of oil and petroleum products.
CEET scenarios might surpass the expected global goal up to 2040 under stated policies but
is not enough to cope with the goal under the sustainable development scenario. MEET
scenarios would exceed the stated policies goal as well, but it will not meet the sustainable
development goal.

The Power Carbon Intensity indicator depicts the results of the efforts that Ecuador
has undertaken to foster the use of renewables for electricity generation. BAU scenarios
show that by 2050, they will reach lower values of emissions compared to the global goal
under stated policies. However, it is far from reaching the global goal under a sustainable
development scenario. CEET scenarios present a considerable reduction of emissions per
unit of electricity (less than half the value of BAU scenarios by 2050). Nevertheless, they are
around five times larger than the expected goal of the sustainable development scenario. In
the case of the most ambitious scenarios, emissions per GWh by 2050 in MEET_2P would
be around 63% the value estimated for MEET_O. Once again, even the maximum effort for
energy transition considered in this research would not be sufficient to keep up with global
targets in a sustainable development scenario.

Electricity share in final demand in BAU scenarios depict values that are close to global
targets under stated policies by 2040. In 2050, values are close to global targets expected
by 2040 in a sustainable development scenario. However, this behavior is related to the
reduction in demand due to scarce petroleum products and not to any substitution policy
implemented. In the case of CEET and MEET scenarios, they present similar trends as in
BAU scenarios for the period 2040-2045. By 2050, these scenarios might reach the global
target of stated policies scenarios expected for 2040.

4. Discussion

BAU scenarios indicate that currents trends of the Ecuadorian energy system might
lead to a complicated future for fossil fuel rich developing countries. A profound energy
crisis would be foreseeable due to the depletion of national oil reserves and the restricted
access to imports. In the Ecuadorian case, that crisis would start in 2040. Even the most
optimistic case of national oil availability might only make the decay less severe, and a
forced-not planned transition would happen. The energy mix in final demand would still be
dominated by petroleum products whose production might be reduced due to restrictions
access to oil, and imports. Continuing the dependency on oil and petroleum products
under a limited availability of these fuels at the national and global level might generate
energy shortages and a contraction of economic activity (average growth of 1.8% per year
compared to 2.7% expected), affecting mostly those sectors that have predominance of
petroleum products in their consumption mix. As it has been seen, commercial transport,
“others,” and private transport (households) would experience the largest reduction in
economic production.

Conservative efforts towards an energy transition might partially revert BAU trends
mostly in “Others”, transport households, and industry. These sectors would reduce their
energy intensities in 20%, 40%, and 50%, respectively in the next thirty years due to the
energy efficiency measures and source substitution. These policies will be supported
on a planned expansion of power capacity with a share of renewables of above 90%.
Nevertheless, the largest energy consumer (Commercial Road Transport) would only
reach a 3% reduction of energy intensity in three decades. Economic average growth
(2.4% per year) would still be below expected values.

The most ambitious scenarios for an energy transition might have a diverting effect
on the future trajectory of the fossil fuel rich developing countries, that in the Ecuadorian
energy system, would allow an average expected economic growth of 2.7% per year until
2050. However, there would still be a predominance of fossil fuels specially on heavy duty
vehicles, which is the most energy demanding segment within commercial road transport.
Even though policies implemented show a reduction in the use of diesel oil due to the



Energies 2022, 15, 6938

20 of 25

introduction of natural gas and the introduction of hybrid trucks, these measures combined
with the ones in other segments (Low Duty, Buses, and VANs) would only reduce energy
intensity by 7% in the next thirty years. Therefore, significant efforts are needed for a
profound transformation of this sector. Even if natural gas in heavy duty vehicles could be
an important strategy, it must be considered as a transition technology due to its certain
depletion in the future. National Natural Gas reserves are limited, and they would not be
able to meet an increasing demand for electricity generation and final use in sectors such
as industry and transport. It is worth considering that developing of infrastructures for
transport and distribution would require important investments. Moreover, there could be
systematic and unique risks associated to its supply that should be assessed [76].

Regarding the impact of oil availability on fossil fuel rich developing countries energy
transition, it is worth noting that in all scenarios described for the Ecuadorian case (BAU,
CEET, and MEET) as the system has more oil, it tends to ease the pressure to substitute
fossil fuels with other, more available sources (mainly electricity that will increase its share
of NRE as well). Even though counting on all the oil available to date would certainly be a
key in the energy transition process and sustaining economic growth as MEET_O scenario
depicts, it is most likely that oil extraction might not reach this bound.

Energy transition indicators depict the remarkable progress in terms of final energy
carbon intensity and electricity share in the final demand up to 2030 based on the ambitious
national plans for power capacity expansion supported by hydro, solar PV, and wind. From
this point forward, although the country might surpass the estimated world reduction
rate under Stated Policies scenario by 2050, it would be far below the global average
proposed by [75]. In this sense, considering the vast remaining potential of renewables,
its deployment should speed up to avoid the expected increase in the share of fossil fuels
for electricity generation. Moreover, a more intensive use of biomass with carbon capture
and storage could be considered. The potential introduction of these technologies has
been analyzed by [38], highlighting its relevance for deep decarbonization of electricity
generation, but its feasibility in the Ecuadorian context and at global level is still an
issue to consider.

Itis clear then that oil would still play a key role in future energy landscapes in Ecuador
if a moderate-sustained economic growth is desirable up to 2050. A similar conclusion can
be made for other fossil fuel rich developing countries. Its criticality, as energy and income
source have shown in all scenarios proposed, that even the most aggressive an feasible
strategies towards an energy transition would not be enough to cut its dependency. In the
case of Ecuador, mining has been considered an interesting alternative to replace oil as
income source. During the past two years, the mining sector has gained momentum and it
is expected that exports would increase by 40% in 2022 compared to the previous year [77].

The EEDEC model simulation has considered scenarios with the most feasible strate-
gies and technologies for the Ecuadorian context that are representative for other fossil
fuel rich developing countries. However, the dynamic structure of the model allows the
addition of new technologies for direct use of energy. One alternative to be considered is
solar thermal given the potentiality studied by [78]. Other technologies to include could be
hydrogen for transport, freight train, and nuclear energy. Nevertheless, the feasibility of
these alternatives should be analyzed considering the Ecuadorian context. Another point
to develop is the effect in the economy of restricting oil exports given its importance as an
income source for the national budget. For this purpose, a more detailed economic model
with the use of input-output tables could be developed and linked to EEDEC. However,
the development of such a model is out of the scope of this work. Furthermore, besides in-
dicators used to assess energy transition, energy security performance for these and future
proposed scenarios should be assessed using available methodologies [79-84]. Finally, it is
worth developing a more detailed structure regarding energy demand and final energy use.
Nevertheless, more disaggregated information is needed.
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5. Conclusions

Energy transition is an unavoidable process that every nation would have to face in the
short or medium term. Moving from a traditional energy system to a more diversified, and
sustainable one could be a difficult endeavor for developing countries. Ecuador, as a devel-
oping and oil producing country, might have to handle a future without an ever-decreasing
dependency on this source for energy and income without compromising its economic
growth. Ecuador Energy Development under the Energy Constraints (EEDEC) model
was developed to assess the possible pathways that a fossil fuel rich developing country
as Ecuador could have considering current trends, and alternative scenarios towards an
energy transition based on biophysical limits at national and global level.

This work presented scenarios simulated in the EEDEC model with a business as
usual (BAU) narrative, and conservative (CEET) and maximum (MEET) efforts towards
energy transition considering two cases of national oil availability (2P and O). BAU sce-
narios indicate that current trends for energy demand are not compatible with an energy
transition process given that oil, would still take the largest share in the consumption mix,
especially in the energy intensive sector transport. Energy scarcity would start by 2040
and it would provoke a downfall in projected economic activity, especially in sectors with
predominance of petroleum products in the mix such as commercial transport, private
transport (households) and “Others”.

Under a conservative effort (CEET), scenarios depict a disruption of current trends
that would improve energy intensity in all sectors due to the substitution of petroleum
products with electricity, which would be supported by a capacity expansion mostly of
hydropower, solar PV, and wind, considering the vast potential of renewables that the
country has. Nevertheless, there would still be a decay in the projected economic activity,
which shows the necessity of a more aggressive policies.

A maximum effort towards energy transition shows that policies to improve energy
intensity displace the use of petroleum products and reduce oil exports. A more aggressive
deployment of power capacity from renewables would certainly avoid energy shortages
and guarantee a sustained expected economic growth only under the most optimistic case
of oil availability. However, transition technologies like natural gas in heavy duty transport
and electricity generation would be necessary.

Findings of this paper show that unless an adequate long-term strategy is implemented
soon with the aim of reducing dependency on oil and petroleum products, a profound
energy crisis would be foreseeable by 2040. Oil would still play a key role in fossil fuel
rich developing countries’ energy future to achieve a moderate-sustained economic growth
as all scenarios with the lowest bound of oil availability are incapable of avoiding energy
shortages. The long-term strategy should consider a structural change in sectors with high
dependency on fossil fuels such as commercial and private transport with the introduction
of alternative technologies such as hybrid and electric, along with sustainable mobility
(including non-motorized). Furthermore, a more aggressive deployment of renewables
should be implemented to support the already high share of these sources in electricity
generation and reduce the use of fossil fuels. Finally, a more diversified structure of the
economy is mandatory to cut dependency on oil as an income source.

Future work should be focused on assessing the introduction of technologies such as
solar thermal for direct use, electric freight train, and hydrogen fueled vehicles. Moreover,
considering the importance of oil in fossil fuel rich developing countries” economy, the
effects of reducing exports to avoid an abrupt depletion of reserves should be analyzed.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/en15196938/s1. Document with full scenario descriptions.
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