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ARTICLE INFO ABSTRACT
Keywords: The Republic of Cuba faces a critical energy trilemma characterized by severe reliance on imported fossil fuels
Electricity sector and an obsolete electricity generation infrastructure. Addressing this challenge, this study evaluates long-term

Decarbonization pathways
Renewable energy sources
Transport electrification

Island energy metabolism

decarbonization pathways exclusively for Cuba’s electricity sector from 2024 to 2050 using the Low Emis-
sions Analysis Platform (LEAP). To improve methodological transparency, LEAP was configured using 2024 as
the base year, with demand projections, generation capacity expansion, storage deployment, fuel-price as-
sumptions, technology costs, and emissions factors represented across three scenarios. The assessment formally
defines three structural frameworks: a policy-continuity baseline based on current governmental targets, a
flexibility-oriented decarbonization pathway, and a 100 % renewable electricity scenario. Results indicate that
while the policy-continuity scenario achieves a 35 % renewable generation share, its reliance on a conventional
thermal baseload triggers a late-term emissions rebound, peaking at 12.82 million metric tons of CO2-eq by mid-
century. Conversely, the flexibility-oriented pathway appears to be the most cost-effective option. By capping
thermal capacity at 1,500 MW and deploying large-scale energy storage, it reduces emissions by 67 % to 4.21
million metric tons of CO,-eq and lowers annual production costs by approximately 200 million USD. Further-
more, sensitivity analyses demonstrate this flexible architecture is highly resilient to demand fluctuations.
Although the 100 % renewable pathway suggests absolute electricity-sector carbon neutrality is technically
achievable, its requirement for a 6,733 MW biomass scale-up introduces major capital and land-use conflicts.
Ultimately, this research indicates that deep decarbonization could be an economically advantageous strategy,
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necessitating a paradigm shift from traditional baseloads toward system flexibility, provided significant external
financial barriers can be navigated.

Introduction

Worldwide, more than 700 million people live on islands, which
serve as ideal environments for reshaping energy metabolism toward
100 % renewable systems [1]. While the concept of island energy
metabolism highlights the unique relationships between resources and
geopolitical characteristics, Cuba’s case is uniquely urgent [2]. Histor-
ically characterized by a high degree of vulnerability and
dependency—from the Soviet era to the more recent reliance on Ven-
ezuelan oil—the nation remains exposed to global geopolitical fluctua-
tions, leading to recurring energy shortages and blackouts [3].

Currently, Cuba's energy infrastructure is at a critical breaking point.
Practically all thermal power units have exceeded their operational
lifespan, with the majority of plants commissioned between 1960 and
1980, far surpassing the international 25-30 year standard [4]. This
aging fleet, coupled with persistent fuel shortages and the impact of the
long-standing U.S. embargo, has resulted in a regime of “permanent
crisis” [5]. The embargo, in particular, acts as a structural barrier that
restricts access to international financial markets, multilateral climate
financing, and state-of-the-art energy technologies [5]. While solar PV
deployment has surpassed 1,000 MW, the lack of grid-scale storage and
demand flexibility limits its effectiveness in providing relief to the
ongoing crisis [7].

The transition to a sustainable 100 % renewable energy system re-
quires more than just technological replacement; it necessitates a mul-
tisectoral planning approach that integrates diverse storage capacities,
such as PHES and batteries to balance variable production [8]. Unlike
previous isolated studies that focus on specific aspects like biomass or
solar potential, this research provides a comprehensive, system-wide
approach to developing a long-term decarbonization strategy for Cuba
[3].

Our primary objective is to evaluate and model three distinct
decarbonization pathways through a long-term horizon extending to
2050. This study provides a detailed bottom-up simulation of electricity
demand, specifically accounting for the disruptive impact of large-scale
electric vehicle adoption and the techno-economic optimization of
diverse storage configurations [7]. By analyzing a baseline policy-
continuity plan, a flexibility-oriented decarbonization, and a 100
% renewable electricity pathway, this research offers a data-driven
roadmap that moves beyond aspirational goals to provide methodo-
logical insights for evaluating sustainable electricity-sector

pathways in Cuba, with potential relevance for similar island
contexts [7]. The overall methodological structure of this research,
spanning from data collection to policy recommendations, is illustrated
in the Analysis Framework (Fig. 1).

The genesis of this paper is presentations delivered at the Workshop
on the Energy Metabolism of Islands and the subsequent discussions.
The event was held in July 2023 with the support and organization of
the Universidad de Oriente, under the coordination of Electo Silva Lora
and Leonardo Pena Pupo, in Santiago de Cuba, Cuba.

Literature review
Studies on island energy transition

The literature on global energy transitions reflects a significant shift
toward 100 % renewable energy source pathways, increasingly moving
from isolated power sector models toward integrated “energy meta-
bolism” frameworks [9]. This evolution is supported by advanced
energy-economy tools like IntE3-ISL and open-source systems such as
0SeMOSYS, which facilitate the assessment of long-term decarbon-
ization impacts by modeling end-use electrification (e.g., EVs) alongside
green hydrogen and synthetic fuel integration [10]. Such multi-sectoral
approaches are critical, as current research often fails to account for the
complexities of maritime transport, aviation, and cooling demands in
insular systems [11].

Recent findings emphasize that technical feasibility alone does not
guarantee a successful transition; rather, progress is frequently hindered
by socio-technical and institutional barriers. In the Canary Islands, for
instance, the failure to meet historical energy targets has been attributed
to hierarchical planning instruments that exclude stakeholder perspec-
tives, highlighting the necessity of participatory governance [12]. The
social dimension is further underscored by the role of energy commu-
nities and the need to align technological transfers with local public
attitudes, as seen in the Aegean archipelago [13]. Without such
community-driven approaches, promising transition plans may face
significant local opposition [14].

Furthermore, achieving 100 % RES systems requires resolving the
disconnect between comprehensive strategic plans and practical
implementation coherence. Lessons from frontrunner islands like Samsg
in Denmark reveal that even robust municipal plans often struggle to
balance competing interests across sectors like housing, tourism, and
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agriculture [15]. Consequently, detailed techno-economic evaluations
and the use of hybrid renewable mini-grids remain fundamental for
identifying cost-effective solutions in geographically isolated and
ecologically fragile contexts [16].

Despite the global surge in 100 % RES studies, a critical geographical
imbalance persists. A systematic literature review on 100 % renewable
island scenarios found that the majority focus on European territories,
while other regions remain significantly underrepresented [11]. In the
Caribbean, while recent studies have begun to explore decarbonization
pathways for Barbados and the Dominican Republic, the region still
lacks comprehensive, documented pathways for a 100 % RES transition
[17]. Specifically, while recent assessments have explored the feasibility
of 100 % renewable systems and their cross-sectoral impacts in Cuba
[7], the granular stepwise transformation of existing conventional
infrastructure into fully renewable systems remains a significant
research gap that has not been extensively addressed in the broader
literature of island energy scenarios [11].

Studies on Cuban energy transition

The energy transition in Cuba is situated within a broader regional
shift where decarbonization is viewed as a catalyst for economic and
social transformation across Latin America and the Caribbean [18].
While regional analyses emphasize the need to align new technologies
with unique Caribbean socio-spatial structures [1], Cuba represents a
distinct case due to its acute need to reduce fuel imports and address a
critical inflection point in its aging electrical infrastructure [2].

Early research on the Cuban transition primarily focused on identi-
fying baseline resource potential and establishing initial policy road-
maps. These foundational studies documented the country's significant
solar, wind, and marine energy potential [19] and explored the specific
viability of invasive species, such as Dichrostachys cinerea (marabou), as
a sustainable biomass source for biofuel production [20]. On a localized
scale, successful modeling of the “Isla de la Juventud” served as a proof-
of-concept, demonstrating that 100 % renewable systems are technically
feasible even within the constraints of the country's complex social
development [21].

However, as the research has shifted toward long-term national
scenarios for 2030 and 2050, significant gaps have emerged in the
existing literature. While frameworks have been proposed to balance
future supply and demand [22] and integrate multi-dimensional Sus-
tainable Development Goal interlinkages [7], they often lack technical
granularity. For instance, early 2030 roadmaps failed to account for
large-scale storage technologies [22]. Although more recent assessments
have begun to incorporate PHES and biomass-to-electricity pathways
[23], they often omit to simulate the significant grid impacts of wide-
spread electric vehicle adoption or the simultaneous integration of
emerging technologies such as CSP and OTEC [3].

Furthermore, current models frequently treat energy as an isolated
sector or focus heavily on high-level policy trade-offs—such as the
competition between food security and energy crops within the Climate,
Land, Energy, and Water nexus [24]. While these perspectives highlight
the spatial and social justice dimensions of the transition [25], they
leave a gap regarding the granular, bottom-up technical dynamics of the
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power grid. Specifically, there is a notable absence of studies that
compare official governmental plans against more ambitious, techni-
cally optimized 2050 scenarios using detailed demand-side modeling
[23]. Our study addresses these deficiencies by using the LEAP modeling
tool to provide a high-resolution simulation of sector-specific demand
and a techno-economic optimization of diverse storage configurations.
Fig. 2 maps the evolution of previous literature leading up to this
research, highlighting our contribution toward a comprehensive rele-
vance for a resilient Cuban electricity system.

Cuban energy sector Characterization

The energy sector of the Republic of Cuba is characterized by a heavy
reliance on fossil fuels, a high electrification rate, and a centralized yet
increasingly DG infrastructure facing significant obsolescence chal-
lenges. The system remains predominantly dependent on thermal gen-
eration from domestic crude oil and imported fuels, despite the island's
substantial potential for renewable energy.

Primary energy resources and natural potential

Cuba's primary energy mix is dominated by fossil fuels. In 2024, the
national production of natural gas reached 970.0 million cubic meters
(MMmB), a slight increase from the previous year [26]. While domestic
crude oil production has historically provided a significant portion of the
fuel for thermal generation, the country relies on imports to meet de-
mand gaps. The U.S. Geological Survey has previously estimated that the
North Cuba Basin holds mean undiscovered reserves of 4.6 billion bar-
rels of crude oil and 9.8 trillion cubic feet of natural gas [27]. However,
the extraction and use of domestic crude is complicated by its high sulfur
content, which accelerates the corrosion of generation infrastructure
[28].

Regarding renewable resources, Cuba possesses high potential,
particularly for solar photovoltaic (PV) energy. The archipelago receives
an average solar irradiation of approximately 5 kWh/m?/day [29], with
annual global irradiation values often exceeding 1,800 kWh,/m? [30].
Wind energy potential is estimated at over 2,000 MW, concentrated
largely on the north coast [31]. Hydropower potential is more limited
due to the island's topography, estimated at around 650 MW, though
much of this is in protected areas [32].

Electricity generation

As of 2024, Cuba's total installed power capacity stood at 5,344.8
MW, heavily dominated by fossil fuel technologies. The system consists
mainly of DG engines (2,474.9 MW) and conventional thermal power
plants (1,993.0 MW) [26]. As detailed in Fig. 3, these conventional TPP
form the backbone of the island's baseload generation, operating pre-
dominantly on domestic heavy crude oil and imported fuel oil.

However, the operational availability of this infrastructure is
severely compromised by advanced technological obsolescence. The
country’s main thermoelectric plants were commissioned between 1967
and 1991, meaning that even the most modern unit has been in opera-
tion for over 33 years, significantly exceeding the international standard
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Fig. 2. Evolution of prospective energy transition studies on Cuba.
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lifecycle of 25-30 years for such facilities [34]. For instance, major
plants such as 'Mariel' and 'Renté' operate with equipment that has
surpassed its intended lifespan by decades, leading to a regime of 'per-
manent crisis' characterized by frequent unscheduled outages, deferred
maintenance, and a chronic lack of spare parts. This structural degra-
dation, coupled with the low-quality high-sulfur domestic crude oil used
as fuel, has resulted in a significant gap between installed and effective
capacity, necessitating frequent load shedding and exacerbating the
country’s energy vulnerability [35].

The total gross electricity generation in 2024 was 17,992.0 GWh. The
generation mix was dominated by thermal power plants (8,836.2 GWh)
and natural gas power plants, which contributed 2,684.1 GWh. DG
technologies (diesel and fuel oil engines) provided 2,095.0 GWh.
Renewable generation remains low; in 2024, solar PV generated 145.51
GWh, hydroelectric plants produced 91.4 GWh, and wind farms only
68.79 GWh [26].

A critical component of the 2024 energy balance was the “Mobile
Generation” (floating power plants), classified under electricity imports,
which supplied 3,647.1 GWh to the grid. System efficiency is challenged
by aging infrastructure; transmission and distribution losses totaled
2,917.9 GWh, accounting for approximately 16 % of total generation
[26].

As depicted in Fig. 4, the typical 24-hour generation dispatch profile
relies heavily on domestic crude oil for baseload power. Furthermore,
the evening peak demand is predominantly met by dispatching expen-
sive and highly polluting distributed diesel and fuel oil engines, high-
lighting the severe economic and environmental inefficiencies of the
current matrix.
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Fig. 4. Typical 24-hour electricity generation dispatch profile of the Cuban
power sector in 2021. .
Source: [36]

Sectoral energy consumption

The total electricity consumption in 2024 was 17,992 GWh. This
value represents a sustained contraction in national electricity demand,
which has followed a downward trend in recent years as a direct
consequence of the deepening energy crisis, persistent generation defi-
cits, and widespread load shedding [26]. The reduction in consumption
is primarily driven by the inability of the aging thermoelectric fleet to
meet peak demand, coupled with significant fuel shortages that have
forced a curtailment of activities in the state and industrial sectors [7].
Despite this overall decline, the residential sector remains the largest
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consumer, accounting for 8,721.7 GWh, or approximately 48 % of the
total consumption. This high share is largely a legacy of the 'Energy
Revolution' in the mid-2000 s, which promoted the massive electrifi-
cation of cooking and household appliances, effectively shifting a sig-
nificant portion of the primary energy burden to the electrical grid [37].
The state sector, comprising government services and industries,
consumed 6,352.4 GWh in 2024 [26].

Other economic sectors show lower electricity consumption but high
fossil fuel dependency, representing a significant 'latent demand' that
could reshape the grid's load profile. The transport sector, for instance,
relies almost exclusively on gasoline and diesel, consuming nearly 1
million tons of fuel annually. However, the roadmap toward electro-
mobility suggests that the large-scale introduction of EVs and charging
stations could increase the national peak demand by approximately 330
MW [28]. In the industrial sector, which currently accounts for
approximately 10-13 % of electricity use [5], the sugar agro-industry
utilizes biomass (bagasse) for cogeneration. Despite a theoretical po-
tential to generate over 13,000 GWh annually from bagasse and residues
[38], production has sharply declined; in 2024, biomass power
plants—including new bioelectric facilities—generated only 365.38
GWh [26]. This performance gap is attributed to operational delays in
the 25 planned biomass plants and critical water scarcity in several
basins, which limits the condensation systems' capacity [39]. Conse-
quently, integrating forest biomass such as Dichrostachys cinerea into a
circular bioeconomy framework is essential to revitalize the sector’s
contribution by 2050 [38].

Methodology
Key modeling and demographic assumptions

The Low Emissions Analysis Platform (LEAP) [40] is a widely vali-
dated framework for integrated national energy planning and emission
projections, having been successfully applied to model long-term
decarbonization pathways in diverse global contexts [41]. Its capacity
for detailed bottom-up simulation and multi-sectoral integration makes
it a highly suitable tool to address the granular technical and demand-
side gaps identified in previous Cuban studies.

The LEAP, Version 2026.6.0.5, was used with a time horizon from
the Base Year (2024) to the Final Year (2050). The model focuses
exclusively on the SEN electricity generation, transmission, distribution,
and demand, and does not include other energy vectors like non-electric
fuel consumption in industry or transportation. The key considerations
for scenario design are summarized in Table 1.

The population growth rate was modeled using an official long-term
demographic projection for Cuba covering the period 2024-2050 [44].
This approach allows the electricity-demand projection to reflect the
expected demographic evolution of the country. This trajectory, dis-
played in Fig. 5, was prepared before the intensification of recent so-
cioeconomic pressures affecting Cuba; therefore, it provides a
conservative official baseline for long-term electricity-sector planning.

The GDP growth is justified using historical variation data for Cuba
for the period 2000-2024 [42]. The selected value includes periods of
rapid economic expansion, moderate growth, stagnation, and major

Table 1

Key assumptions for all scenarios in the base year.
Key Assumptions Value Unit Source
Income* 3260.1 Million Dollars [42]
Population 9.75 Million People

GDP* 9039.5 Million Dollars
Income Growth Rate 2 % Historical Estimation
GDP Growth Rate 2.5 % Historical Estimation

Note: * Income and GDP values were calculated based on the government's
conversion rate from Cuban pesos to U.S. dollars [43].
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contraction, including the post-2020 economic shock. Consequently, the
2.5 % rate provides a historical reference value that captures both
growth and crisis periods in the Cuban economy.

It is important to clarify that this projections is used as a planning
reference rather than as a deterministic forecast.

Electricity generation system modeling

The structural architecture of the LEAP model is based on the
Reference Energy System depicted in Fig. 6. This framework systemat-
ically maps the energy flows and interconnections from primary energy
commodities (indigenous and imported) to power conversion
technologies—including legacy thermal plants, prospective renewable
assets, and storage systems—ultimately satisfying the final sectoral
electricity demand.

The installed capacity and total generation for the base year 2024
were compiled using data from various sources and organized into
Table 2.

The LEAP software assumes 100 % efficiency for renewable tech-
nologies to simplify comparisons with other technologies, since there
are no significant energy losses in the direct conversion process. In the
case of non-renewable technologies such as thermal and biomass plants,
efficiencies are lower due to inherent losses in converting fuels to elec-
tricity. Efficiencies for non-renewable technologies have been obtained
from the IEA. The LEAP has calculated the maximum availability using
annual generation (GWh/year) and installed power [49].

The Maximum Availability parameter for thermal plants (39.96 %)
reflects the current technical state and the high rate of forced outages of
the Cuban aging infrastructure. In contrast, mobile generation units
were modeled with a high availability (95 %) due to their role as a fast-
response reserve.

The dispatch rule was configured using the Merit Order approach.
Thermal plants, natural gas and biomass were assigned a priority of 1,
acting as baseload or flexible generation to ensure system stability. VRE
sources, such as solar and wind, were assigned a priority of 2, allowing
the model to simulate their integration based on resource availability
and load curve requirements. The diesel and fuel-oil generators were
assigned order 3 to give priority to renewable energy sources.

To account for technological learning and infrastructure moderni-
zation, generation efficiencies were modeled as dynamic variables.
Following IEA, thermal efficiencies for steam turbines were projected to
increase from a baseline of 33 % to 45 % by 2030 [50]. This reflects the
phased replacement of aging units with high-efficiency supercritical
technologies. All technical specifications for the different technologies
can be found in Table 3.
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Table 2

Energy capacity and generation in the base year.
Generation Installed Capacity Historical Generation Source
Technology Mw) (GWh)
PWRCTE 2608.0* 8836.2 [26]
PWRMOV 540.0 3647.1 [26,45]
PWRHFO 1385.2 1127.3 [46]
PWRLFO 1089.7 967.7
PWRNGS 580.0 2684.1 [26]
PWRSUN 254.9 145.51 [47]
PWRWIND 11.8 68.79 [47,48]
PWRHYD 64.6 91.4 [26,48]
PWRBIO 439.65 365.38 [47,48]

Note: * Represents the nominal design capacity of the conventional base-load
thermoelectric power plants operated by the Unién Eléctrica (UNE) [33].

Energy storage modeling

The BESS component was modeled with a storage duration of 6 h,
aligning with current international industry standards for utility-scale
applications. This duration is strategically selected to mitigate solar
intermittency by shifting midday surpluses to the evening peak, as
supported by technical guidelines from the National Renewable Energy
Laboratory [51]. It was also modeled with a SoC of 20 %. This opera-
tional constraint is implemented to prevent deep discharge cycles that
would otherwise accelerate degradation and shorten the asset's opera-
tional life. Maintaining this reserve also provides a critical buffer for
emergency grid services and frequency regulation [52].

The PHES system was modeled with a storage duration of 10 full load
hours and a SoC of 15 %. Unlike electrochemical storage, PHES provides
long-duration energy discharge and mechanical inertia, both of which
are critical for stabilizing an island grid with high penetration of VRE.
The 10-hour duration ensures the system can bridge extended periods of
low renewable availability, while the 15 % minimum charge serves as a

technical buffer to maintain hydraulic head and prevent turbine cavi-
tation, consistent with international benchmarks for large-scale hydro-
electric storage [53].

Electricity demand modeling and efficiency

A 3 % average annual growth rate was assigned to the Residential
and Non-Residential (Industrial/Commercial/Services) sectors to reach
an estimated demand of approximately 20 TWh by 2030, in accordance
with [3], and assuming the same growth rate until 2050. This rate bal-
ances general economic growth with efficiency gains.

Electricity losses were modeled to decrease significantly from the
current system rate of 16 % to 8 % (5 % distribution and 3 % trans-
mission) over the modeling horizon.

Official plans to electrify 45 % of transport by 2030 were taken into
account [54]. The total energy required to charge the estimated number
of EVs to meet the 45 % electrification target in Cuba per year was
calculated according to [55], and the growth in transport demand was
established. Considering only BEVs for the transition in Cuba, with an
efficiency of 95 %, a distance traveled of 14,000 km/year, and a charge

Table 3

Technical parameters for electricity generation processes.
Generation Process Process Maximum Merit
Process Efficiency (%) Efficiency in Availability (%) Order

2030 (%)

PWRCTE 33 45 38.68 1
PWRMOV 33 33 77.10 1
PWRHFO 33 48 9.29 3
PWRLFO 33 48 10.14 3
PWRNGS 35 60 52.83 1
PWRSUN 100 100 6.52 2
PWRWIND 100 100 66.55 2
PWRHYD 100 100 16.15 2
PWRBIO 22 35 9.49 1
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Table 4
Projected fleet size, efficiency, and charging demand for BEVs [55].
Transport Year Efficiency Available Charge per Supplied
(%) Energy Vehicle Vehicles
(MWh) (MWh)

Battery- 2023 95 % 28,500 3 10,710
Electric 2050 95 % 28,500 2 12,050
Vehicle

Table 5
Multi-phase deployment schedule for national transport electrification [54].
Phase  Period Electrified Imported Annual Electrification
Vehicles Vehicles Increase (%)
in Energy
(GWh)
1 2022-2026 12,700 17,218 79.61 24.46
2 2027-2030 4,787 22,000 71.28 21.26

of 3 MW/h per vehicle in 2030 and 2 MWh in 2050. Table 4 summarizes
the metrics for the fleet size, efficiency and charging demand for EVs in
Cuba by 2023 and 2050, and Table 5 represents the schedule for national
transport electrification.

After obtaining the increase in electrical load for transportation, it is
added to the current consumption and modeled as exponential growth
until the planned electrification value is reached.

The 2023 hourly load curve was used to calculate the peak load
percentage for every 1,000 h of the total, and these values subsequently
entered into the software to model the system curve.

Techno-Economic framework

The techno-economic framework of this study is built upon a series of
dynamic assumptions that reflect both localized market conditions and
global technological trends. Regarding energy commodities, the model
assumes a strategic differentiation between imported and indigenous
resources, setting the price of imported petroleum at a baseline of 90
USD/barrel to account for international market volatility [48], while
valuing domestic heavy crude at a marginal extraction cost of 14 USD/
barrel [56]. This economic landscape is complemented by a sophisti-
cated tariff structure for electricity consumers, which starts at 0.21 USD/
kWh and is projected to decline to 0.19 USD/kWh by 2030, reflecting
anticipated systemic efficiency gains from the transition [48].

To ensure financial accuracy, the CAPEX and OPEX profiles for each
generation technology are derived from the NREL Annual Technology
Baseline [57], incorporating learning curves that model significant cost
reductions as these technologies mature throughout the simulation
period, as presented in Table 6.
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Technology cost and performance assumptions were derived pri-
marily from international reference datasets and learning-curve pro-
jections. They should not be interpreted as Cuba-specific procurement
costs. Actual implementation costs in Cuba may differ due to import
restrictions, financing conditions, currency constraints, supply-chain
limitations, and country-specific risk premiums.

Scenario Development

The formulation of long-term decarbonization pathways for Cuba's
electricity sector relies on three distinct scenarios modeled in LEAP: the
GOV, UPG, and IDE. These pathways evaluate a spectrum of policy
ambitions from the 2024 baseline to 2050.

The GOV reconstructs Cuba's electricity trajectory to 2050 strictly as
articulated by official policy — the National Plan for Economic and
Social Development and Decree-Law No. 345 — operationalising the
stated targets of 37 % renewable generation by 2030 and 100 % by 2050
[62,63] from a baseline with ~ 95 % fossil dependence. Its architecture
centres on the staged deployment of solar PV (92 parks totalling 2,000
MW, with 1,000 MW synchronised by May 2025 and the remainder by
2031, plus 200 MW of BESS [62,64], complemented by 151 MW of wind
capacity currently under construction against an aspirational 633-688
MW by 2030 [2], biomass generation contributing up to 14 % through
19 bioelectric plants with 612 MW, and a modernised 135 MW hydro-
electric base including 74 new projects at 56 MW [65]. To bridge the
transition, the GOV retains a fossil-reliability layer — 850 MW of
recovered distributed generation, the sustained operation of critical
thermal units, 800 MW of Russian-financed thermoelectric blocks in
four 200 MW units, and a controlled phase-out of inefficient floating
plants [66-68] before these units decline as renewable penetration
stabilises. Sector coupling enters through an electromobility rollout
targeting 45 % electrification of state transport, supported by 24 fast-
charging stations, 500 public charging points, and the domestic assem-
bly of 23,361 electric vehicles between 2020 and 2022 [69]. The cross-
cutting framework is Decree 110, which mandates renewable energy in
all new investments and targets the displacement of ~ 750,000 tonnes of
imported fuel annually through the solar programme alone [64].

The UPG retains the policy-continuity scenario's regulatory baselines
— PNDES 2030, Decree-Law 345 and the Decree 110 efficiency man-
dates — but pushes decarbonisation beyond stated policy ceilings along
three reinforcing vectors. On the demand side, transport electrification
rises to 75 % of the national fleet by 2050, equivalent to ~ 94,000
electric vehicles, deepening the daily load curve and requiring advanced
demand-side management to absorb charging without compromising
grid stability [28,69]. On the supply side, thermal capacity is structur-
ally downsized to a 1,500 MW residual by 2050 — repurposed as high-
efficiency backup, not as a primary generation layer — while wind ca-
pacity expands to 820 MW through foreign investment projects short of

Table 6
Capital and operational expenditure projections by technology.
Technology CAPEX(MM USD/GW) OPEX(MM USD/GW) Variable Cost(MM USD/PJ) Source
2024 2035 2050 2024 2050
PWRCTE 4015 3664 3186 85 70 2.22 [58]
PWRWIND 1,257.20 902.50 760.00 29 15
PWRSUN 1,027.79 718.07 617.61 18 9,8
PWRHFO 1,810.00 1,810.00 1,810.00 35.16 35.16 1.58
PWRLFO 1,175.00 1,175.00 1,175.00 16.30 16.30 1.31
PWRHYD 3,241.00 3,241.00 3,241.00 27 17
PWRBIO 4,304.51 3,999.28 3,583.89 164 164 1.61
PWRNGS 949.53 891.42 837.70 26 22 0.56
PWRMOV 1,788.00 1,788.00 1,788.00 20.10 20.10 1.72
PWRBAT 1,154.00 864.70 496.00 28 12
PWRPHP 1,804.00 1,730.30 1,636.00 20 20 0.16
PWROTEC 10,915.00 10,915.00 10,915.00 545.75 545.75 [59,60]
PWRCSP 6,975.00 3,911.00 3,150 67 40 1.03 [61]
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the maximum theoretical potential [65]. The novel contribution is the
explicit inclusion of dispatchable and baseload renewables absent from
official planning: a 50 MW concentrated solar power plant with thermal
energy storage for evening-peak dispatch [61] and a 60 MW ocean
thermal energy conversion plant exploiting the Cuban coastal thermal
gradient to supply firm, non-intermittent power [70]. System reliability
under this high-RES configuration is anchored in a large-scale storage
stack — 600 MW of pumped hydroelectric energy storage as the primary
grid stabiliser [71] combined with 702 MW of battery energy storage
systems designed to capture midday PV surplus and redistribute it to
cover evening peaks and electrified-transport demand [65]. Together,
these three vectors operationalise an indigenous-potential-maximising
pathway that the GOV signals but does not yet fully integrate.

Building on the same policy baselines inherited from the GOV and
UPG, the IDE operationalises the technical ceiling of Cuba's renewable
potential to deliver a net-zero electricity sector by 2050. Four mutually
reinforcing transformations structure the pathway: (i) the national
transport fleet is fully electrified, deploying approximately 126,000
electric vehicles whose smart-charging protocols turn mobility into a
decentralised demand-response asset, smoothing the load curve under
high variable renewable energy penetration [69,72]; (ii) all carbon-
intensive generation is decommissioned — the aging thermal fleet,
gas-fired combined cycles and distributed diesel/fuel-oil gensets pro-
gressively disappear, leaving any residual assets either stranded or
replaced by carbon neutral alternatives; (iii) renewable supply is pushed
to its maximum estimated potential — biomass is scaled to exploit the
full residues of the sugar and forestry industries as a renewable baseload
[23], and onshore wind reaches its theoretical ceiling of 1,100 MW [73];
and (iv) an exceptionally large storage portfolio secures a 100 % RES
grid, with 1,404 MW of battery energy storage supplying high-speed
frequency regulation and short-duration shifting [65] and 1,200 MW
of pumped hydroelectric energy storage — doubling the flexibility-
oriented decarbonization scenario's capacity — acting as the long-
duration buffer able to withstand multi-day low-renewable periods
[71]. The pathway therefore represents the literature-grounded tech-
nical benchmark against which the more conservative previous sce-
narios are comparatively assessed.

To maintain methodological transparency and provide a clear com-
parison of the inputs used in the LEAP software, the foundational prin-
ciples, structural paradigms, and specific numerical constraints
underpinning each modeled pathway are systematically synthesized in
Table 7.
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Results
Governmental scenario (GOV)

The simulation results for the GOV delineate the projected evolution
of Cuba's energy demand, power matrix, emissions, and economic in-
dicators from 2025 to 2050.

To establish the baseline requirements for the power sector, Figs. 7
and 8 comparatively illustrate the projected final energy demand for the
overall system and the transport sector, respectively, across all modeled
pathways.

Total final energy demand grows continuously throughout the
simulation period, driven by a sustained 3 % annual growth rate. The
residential sector remains the primary consumer, with demand
increasing from 9.31 TWh in 2025 to 19.49 TWh by 2050. Similarly, the
non-residential sector, comprising industrial, commercial, and agricul-
tural activities, scales from 7.28 TWh to 15.25 TWh. Electricity demand
in the transport sector rises from 0.25 TWh in 2025 to 0.38 TWh by
2050, with growth stabilizing post-2035.

The generation matrix undergoes a significant expansion of solar
photovoltaic capacity in the short term, increasing from 754.93 MW in
2025 to 2,405.33 MW in 2030, and reaching a plateau of 2,706 MW by
2035. This solar expansion translates into a substantial increase in
electricity output, rising from 3.31 TWh in 2025 to a stable 11.85 TWh

B Residential

35 B NonResidential

Terawatt-hours
- - N N
« > & S &

©
%
D

Fig. 7. Evolution of electricity demand for residential and non-residential
sectors for all scenarios expressed in Terawatt-hours (TWh).

Table 7
Foundational policy objectives and technological targets by scenario.
Feature/Metric Governmental Scenario Upgraded Scenario Ideal Scenario Sources
Core Objective Gradual transition & Energy Sovereignty Aggressive Decarbonization & Grid Net-Zero Electricity & Full Fossil Phase-out [62,63]
Flexibility
Policy Basis PNDES 2030 & Decree-Law 345 Enhanced PNDES Framework Full Decarbonization Vision
Strategic Focus State-led implementation Emerging tech & demand Total energy sovereignty
management
Renewable Share 35.55 % by 2050 45.35 % by 2050 100 % by 2050 [29]
Thermal Generation Recovery of 850 MW of DG Capped at 1,500 MW Fully Decommissioned [66,671]
Installation of 800 MW of planned TPP by
Russian loans
Complete Phase-out of FPP
Transport 45 % of fleet 75 % (~94,000 EVs) 100 % (~126,000 EVs) [28,69,72]
Electrification Full V2G smart-charging integration
Energy Storage BESS: 200 MW PHES: 600 MW PHES: 1,200 MW [65,68,71]
BESS: 702 MW BESS: 1,404 MW
Renewable Solar: 2,000 MW (92 parks) Inherits the expansion of the GOV Inherits the expansion of the GOV [23,62,64,65,73]
Expansion Wind: 151 MW (currently under Wind: Maximized to technical potential of
construction) 1,100 MW
Biomass: 612 MW (19 bioelectric plants) Wind: Expanded to 820 MW Biomass: Scale-up to 6,733 MW to replace
Hydro: 135 MW (technical limit) thermal baseload
Emerging CSP: 50 MW plant Inherits the expansion of the UPG [61,70]
Technologies OTEC: 60 MW plant for renewable

baseload
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Fig. 8. Projected final electricity demand for the transport sector in 2050
across all scenarios expressed in Gigawatt-hours (GWh).

from 2035 onward, represented in Fig. 9. Conversely, wind capacity
remains constant at 162.80 MW from 2035 to 2050, contributing modest
generation totaling 1.00 TWh by mid-century. While imported mobile
generation is phased out entirely by 2030, dropping its output from 2.15
TWh in 2025 to zero, conventional thermal capacity expands from
2,608 MW to 3,408 MW by 2050. This reliance on thermal assets in-
creases electrical output from 5.67 TWh in 2025 to 15.50 TWh by 2050.
Energy storage remains at a fixed BESS capacity of 200 MW throughout
the period. The final power capacity matrix is defined in Fig. 10.

The GHG emissions trajectory follows a non-linear path. Annual
emissions initially decrease from 10.28 million metric tons of CO-eq in
2025 to a minimum of 6.30 million metric tons in 2030. Following this
period, the trajectory reverses, with emissions climbing to 8.28 million
metric tons by 2040 and to 12.82 million metric tons by 2050, as
detailed in the final emissions assessment (Fig. 17).

Annual production costs escalate from $790.55 million USD in 2025
to $1,406.69 million USD in 2050. Variable O&M costs, largely influ-
enced by fuel requirements for the thermal fleet, rise from $285.15
million USD to $367.76 million USD. By the end of the simulation
period, annual sales revenue reaches $7,241.74 million USD, while
annual CAPEX required for infrastructure maintenance and expansion
total $576.90 million USD. More information is available in Fig. 11 and
Table 8.

Upgraded scenario (UPG)

The simulation results for the UPG outline a structural trans-
formation of the Cuban energy system between 2025 and 2050, char-
acterized by the aggressive electrification of transport and the
integration of large-scale storage capacity to replace fossil-fuel
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Fig. 9. Evolution of the electricity generation matrix (2024-2050) under the
Governmental scenario expressed in Terawatt-hours (TWh).
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Fig. 10. Percentage share of total installed capacity by technology under the
Governmental scenario in 2050.
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Fig. 11. Evolution of annual cash flows and system costs in million USD under
the Governmental scenario from 2024 to 2050.

dependence. While the residential and non-residential sectors maintain
their baseline trajectories, reaching 19.49 TWh and 15.25 TWh by 2050,
respectively, the transport sector undergoes a targeted surge driven by
the policy goal of electrifying 75 % of the national fleet, as previously
depicted in the comparative demand analysis (Fig. 6 and Fig. 7).
Consequently, transport electricity demand increases from 0.25 TWh in
2025 to 0.48 TWh by 2050, representing a 0.10 TWh increase over the
policy-continuity baseline and establishing electric mobility as a struc-
tural component of the island's energy metabolism.

This heightened demand is met through a paradigm shift in the
power generation matrix, moving away from thermal dependence to-
ward a flexible, renewable architecture. The scenario models a phased
decommissioning of the aging thermal fleet, reducing installed capacity
from 2,555.24 MW in 2025 to a residual 1,500 MW by 2050, thereby
reducing fossil thermal generation down to just 2.20 TWh, as highlight
Fig. 12. To offset this retirement, wind power attains 820 MW, resulting
in a robust annual generation of 15.30 TWh by mid-century. This is
supported by dispatchable renewable technologies, including a 50 MW
CSP plant that generates 0.44 TWh and a 60 MW OTEC facility that
provides a stable 0.53 TWh of baseload generation. Outlined in Fig. 13,
grid stability is anchored by a combined storage capacity of 1,302 MW,
consisting of 702 MW of BESS and 600 MW of PHES. This infrastructure
allows for the effective shifting of 11.85 TWh of midday solar generation
to peak consumption hours, successfully bridging the gap between
variable resource availability and demand peaks.

Consequently, the environmental performance of the UPG reveals a
sustained mitigation trajectory: annual emissions drop from 10.35
million tCO5-eq in 2025 to a minimum of 4.62 million tCO,-eq by 2035,
and eventually reach 4.21 million tCO»-eq in 2050. This represents a 67
% reduction compared to the 2050 baseline and prevents the significant
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Table 8
Module cost balance for governmental scenario.

Module Cost Balance (Million USD) 2025 2030 2035 2040 2045 2050
Capital Costs —82.69 —271.34 —433.15 —567.22 —572.12 —576.90
Fixed O&M Costs —422.71 —451.38 —475.47 —492.16 —477.19 —462.03
Sales Revenue 4,235.85 4,413.51 4,994.67 5,654.54 6,396.73 7,241.74
Variable O&M Costs —285.15 —146.23 —171.33 —227.34 —292.69 —367.76
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Fig. 12. Evolution of the electricity generation matrix (2024-2050) under the
Upgraded scenario expressed in Terawatt-hours (TWh).
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Fig. 13. Percentage share of total installed capacity by technology under the
Upgraded scenario in 2050.

late-term emissions rebound observed in the policy-continuity plan,
summarized in Fig. 17.

From a techno-economic perspective, the scenario reflects a shift
from operational expenditures to high upfront capital investments, with
annual capital costs reaching $663.28 million USD by 2050. Despite
these capital requirements, the UPG proves more cost-effective as vari-
able O&M costs, a proxy for fossil fuel consumption, decline from
$299.12 million USD to $119.36 million USD. Ultimately, total pro-
duction costs in the UPG are approximately $200 million USD lower
annually than the baseline scenario, demonstrating that profound
decarbonization is not only technically feasible but also financially
optimal for the Cuban energy matrix. Further data is shared in Fig. 14
and Table 9.

Ideal scenario (IDE)

The simulation results for the IDE delineate a radical transformation
of the island's energy metabolism fundamentally altering the baseline
demand shown in Fig. 7, defined by the complete electrification of the
transport sector and the absolute stranding of all fossil-fuel assets.

10

Fig. 14. Evolution of annual cash flows and system costs in million USD under
the Upgraded scenario from 2024 to 2050.

Previously outlined in Fig. 8, electricity demand within the transport
sector scales aggressively to 0.57 TWh by 2050, supporting the inte-
gration of approximately 126,000 BEVs that operate as a decentralized
demand-response mechanism through smart-charging protocols. This
demand-side shift occurs in parallel with a total overhaul of the gener-
ation matrix, where conventional thermal capacity is systematically
decommissioned from 2,483.81 MW in 2025 to zero operational ca-
pacity by 2045. High-carbon DG facilities, including those utilizing
heavy fuel oil, light fuel oil, and natural gas, are also entirely phased out
of the system.

To replace the eliminated thermal baseload, the scenario models a
colossal expansion of indigenous renewable technologies to their
maximum theoretical limits. Biomass capacity scales exponentially from
612 MW in 2025 to 6,733 MW by 2050, establishing a firm baseload that
generates 18.16 TWh annually, as shown Fig. 15. Concurrently, wind
power capacity reaches a ceiling of 1,100 MW, translating into a sub-
stantial electrical output of 6.75 TWh by mid-century. This is com-
plemented by the massive generation of 11.85 TWh from solar
photovoltaic arrays, alongside dispatchable contributions of 0.44 TWh
from CSP and 0.53 TWh from OTEC facilities. Grid stability and inertia
in this 100 % renewable system are anchored by a substantial deploy-
ment of storage infrastructure totaling 2.6 GW by mid-century,
comprising 1,404 MW of BESS and 1,200 MW of PHES. The final form
of the capacity matrix is presented in Fig. 16.

Environmental performance under the IDE follows a true Net-Zero
trajectory, with annual greenhouse gas emissions declining precipi-
tously from 9.65 million tCO2-eq per year in 2025 to 2.50 million tCO5-
eq in 2030 and 1.45 million tCO»-eq in 2035, ultimately reaching ab-
solute zero before 2050. The ultimate environmental effectiveness of the
modeled transitions is quantified in Fig. 17, which compares the total
equivalent emissions across all scenarios.

From a techno-economic standpoint, the results reflect extreme
capital intensity (Fig. 18 and Table 10), with annual CAPEX escalating to
$2,833.97 million by 2050 and fixed O&M costs rising to $1,225.12
million. Total production costs peak at $4,361.48 million by the end of
the simulation, the highest among all modeled pathways, while variable
O&M costs reach $302.39 million due to the domestic supply chain lo-
gistics required for the biomass baseload. Finally, sales revenue reaches
$7,279.77 million by 2050, reflecting the fully electrified demand
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Table 9
Module cost balance for upgraded scenario.

Module Cost Balance (Million USD) 2025 2030 2035 2040 2045 2050
Capital Costs —61.38 —-317.59 —413.71 —497.74 —563.00 —663.28
Fixed O&M Costs —414.27 —426.11 —433.90 —419.19 —401.42 —405.82
Sales Revenue 4,235.85 4,413.51 4,994.67 5,654.54 6,407.33 7,262.48
Variable O&M Costs —299.12 —138.45 —142.11 —149.41 —126.71 —119.36
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Fig. 15. Evolution of the electricity generation matrix (2024-2050) under the
Ideal scenario expressed in Terawatt-hours (TWh).
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Fig. 16. Percentage share of total installed capacity by technology under the
Ideal scenario in 2050.

profile.

Sensitivity analysis

To evaluate the model's robustness against uncertainties in long-term
load forecasting, a sensitivity analysis was performed by varying only
the projected electricity demand for the residential and non-residential
sectors by + 5 %. The analysis assessed the subsequent impacts on
electricity generation, total production costs, and total CO-eq emissions
by 2050, as presented in Fig. 19.

The analysis reveals that the LEAP optimization algorithm primarily
accommodates a 5 % demand increase through the expansion of wind
power capacity across all scenarios. For instance, a 5 % rise in residential
demand increases wind generation by approximately 56 TWh in the
UPG, 50.5 TWh in the GOV baseline, and 49 TWh in the IDE pathway.
This preference is likely driven by wind energy's favorable balance of
costs and availability; it provides a higher capacity factor than solar
photovoltaics—including nighttime and overcast generation—while
remaining less capital-intensive than utility-scale biomass.

Economically, the system exhibits higher sensitivity to fluctuations
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Fig. 17. Projected trajectory of total greenhouse gas emissions across all sce-
narios in million tCO5-eq (2024-2050).

in the residential sector. The UPG demonstrates the largest variance in
production costs when demand increases, but smaller relative savings
when demand decreases. Specifically, a 5 % increase in residential de-
mand yields the highest additional costs for the UPG (approximately
770 million USD, compared to 740 million USD in the GOV), while a 5 %
decrease in non-residential demand results in the lowest relative savings
for the UPG (roughly 180 million USD, compared to a 207 million USD
reduction in the GOV). This asymmetric variance reflects the capital-
intensive nature of dynamically expanding flexible renewable infra-
structure, contrasting with the operational cost-driven baseline of the
GOV.

The environmental outcomes present a notable non-linear response.
In the UPG, a 5 % increase in demand correlates with a net decrease in
total emissions, reducing them by approximately 1.3 million tCO5-eq for
the residential sector and 1.2 million tCOz-eq for the non-residential
sector. This occurs because the additional wind capacity, integrated to
meet the higher load, simultaneously displaces the remaining residual
fossil-fuel generation during off-peak hours. Conversely, a 5 % increase
in residential demand under the GOV leads to higher emissions (an in-
crease of roughly 0.6 million tCOy-eq), as the rigid thermal infrastruc-
ture must consume more fossil fuels to cover the load. These results
indicate that a flexibility-oriented matrix (UPG)—underpinned by a
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Fig. 18. Evolution of annual cash flows and system costs in million USD under
the Ideal scenario from 2024 to 2050.
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Table 10
Module cost balance for ideal scenario.
Module Cost Balance (Million USD) 2025 2030 2035 2040 2045 2050
Capital Costs ~141.35 —873.44 ~1,404.73 ~1,926.29 ~2,345.55 ~2,833.97
Fixed O&M Costs —438.01 —594.14 ~749.18 —884.53 -1,020.15 -1,225.12
Sales Revenue 4,235.85 4,413.51 4,994.67 5,654.54 6,416.16 7,279.77
Variable O&M Costs —302.51 ~144.96 ~155.16 —202.92 —249.07 ~302.39
schedules, and biomass availability—were not quantitatively tested.
60 Consequently, the system's absolute robustness and economic perfor-
o 50 a mance remain subject to these external factors.
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Fig. 19. Sensitivity analysis results evaluating the system's response to a + 5 %
variation in projected residential and non-residential electricity demand by
2050 across all scenarios. The panels illustrate the absolute variations in (a)
wind power generation (TWh), (b) total production costs (million USD), and (c)
total emissions (million tCO»-eq).

diverse mix of battery energy storage, variable renewable energy, and
firm renewable baseloads—is more resilient to demand fluctuations and
can leverage capacity additions to further displace polluting sources,
whereas a conventional thermal-based system remains environmentally
vulnerable to load growth.

It must be noted that while this + 5 % demand variation provides
valuable insights into load fluctuation resilience, it represents a limited
uncertainty analysis. Other highly influential variables—such as global
fuel prices, CAPEX trajectories, storage costs, thermal retirement
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contradiction. Even when integrating all existing government capacity
expansion plans and accounting for justified demand growth, the GOV
scenario only reaches a 35 % renewable generation share by 2050. The
primary strength of this pathway lies in its realistic short-term execu-
tion, successfully achieving early emissions mitigation through the
planned integration of 2,000 MW of solar photovoltaics. However, its
critical weakness is the failure to decouple long-term economic growth
from fossil fuel dependency. By continuously expanding conventional
thermal capacity to meet baseload requirements, the GOV pathway
triggers a severe late-term emissions rebound, peaking at 12.82 million
tCO,-eq per year by 2050. As demonstrated by sensitivity analyses, this
conventional thermal-based system remains environmentally vulnerable
to load growth. From a financial perspective, this scenario is highly
inefficient in the long term; it incurs the highest variable operating costs,
cementing an expensive carbon lock-in that leaves the Cuban economy
highly susceptible to global oil market volatility.

In contrast, the UPG emerges as a highly competitive and balanced
decarbonization pathway under the projected cost trajectories. Its
core strength is the strategic pivot from a “thermal baseload” paradigm
to a “system flexibility” approach, driven by the diversity of battery
storage alongside variable and dispatchable renewable sources. By
enforcing a phased retirement of aging thermal infrastructure, reducing
it to a 1,500 MW backup, this scenario mitigates fossil fuel reliance. It
compensates for the intermittency of VRE by deploying large-scale
storage solutions, including 600 MW of PHES and 702 MW of BESS.
Furthermore, it integrates emerging technologies, such as 60 MW of
OTEC, to provide a stable, indigenous renewable baseload. Although
this pathway has the drawback of requiring high upfront capital in-
vestments, which could rise to $663.28 million USD annually by 2050, it
drastically reduces variable O&M costs. Consequently, the total annual
production costs in the UPG scenario are approximately $200 million
USD lower than those of the GOV baseline, thereby flattening the
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COMPARATIVE ANALYSIS OF KEY ENERGY METRICS TO 2050: SCENARIO BREAKDOWN.
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Fig. 20. Summary dashboard of key energy, cumulative financials, and annual emissions metrics by scenario in 2050.

CUBA ENERGY PATHWAYS COMPARATIVE ANALYSIS (Up to 2050)
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Fig. 21. Comparative analysis and trade-offs between scenarios through the lens of the energy trilemma.
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emissions curve to 4.21 million tCOz-eq by 2050 (a 67 % reduction)
without compromising grid stability. Furthermore, sensitivity analyses
indicate that this flexibility-oriented matrix is more resilient to demand
fluctuations, actively leveraging capacity additions to further displace
polluting sources even when load increases.

The IDE pushes the boundaries of the island's renewable potential,
demonstrating that a 100 % carbon—neutral electricity sector is techni-
cally achievable before 2050. Its main strength is achieving absolute
energy sovereignty through the total stranding of fossil fuel assets and
the complete electrification of the transport sector. A highly innovative
aspect of this scenario is its approach to grid management: rather than
treating EVs merely as an added load, it leverages a projected fleet of
126,000 BEVs as a decentralized demand-response mechanism via
smart-charging protocols, effectively absorbing solar surplus and flat-
tening evening peaks. However, the IDE scenario presents profound
weaknesses in terms of implementation feasibility. It demands stag-
gering capital investments and large-scale storage deployment
(doubling PHES capacity to 1,200 MW). Most critically, it relies on an
exceptionally large scale-up of biomass capacity to 6,733 MW for
baseload generation. This target could, in practice, pose major conflicts
over agriculture, resources, and land use.

Ultimately, according to the comparative analysis summarized in
Fig. 21, the results suggest that deep decarbonization is not only
essential from an environmental standpoint, but is also more cost-
effective under the modeling scenarios for Cuba. To avoid the costly
stranded assets and emissions rebounds seen in the GOV scenario, na-
tional planning must shift capital away from conventional fossil-fuel
infrastructure. Instead, investments must prioritize grid moderniza-
tion, large-scale storage (PHES and BESS), and the technological
maturity of indigenous baseload alternatives such as biomass and OTEC,
as demonstrated by the UPG and IDE pathways.

Limitations

While this study provides a comprehensive long-term evaluation of
decarbonization pathways for the Cuban power sector, several inherent
limitations must be acknowledged regarding the modeling framework,
data assumptions, and external socio-economic factors.

The use of the LEAP system provides a robust accounting framework
for scenario-based policy analysis, but it also imposes specific method-
ological constraints. Primarily, LEAP lacks detailed market modeling
and the endogenous economic optimization for hourly dispatch found in
pure optimization tools like TIMES or Balmorel. Therefore, the results
should be interpreted as long-term planning outcomes rather than as
operational dispatch or grid-stability results. Furthermore, its limited
spatial resolution means the model does not capture localized grid
congestion, frequency stability issues, or specific transmission bottle-
necks that often arise with high penetrations of VRE. Additionally, LEAP
does not account for behavioral dynamics such as the “rebound effect,”
in which energy efficiency improvements and lower electricity costs
might paradoxically stimulate higher energy consumption [74].

The reliability of long-term projections extending to 2050 is intrin-
sically subject to data uncertainties. Minor deviations in demographic
trends, economic growth, and anticipated technological changes can
lead to significant variations in outcomes over a multi-decade horizon.
The techno-economic framework relies heavily on predictive learning
curves for the CAPEX of solar, wind, and storage technologies. These
assumptions presuppose a continuous global decline in technology costs
and stable fuel prices, which may be disrupted by unforeseen global
supply chain constraints, material shortages, or international market
volatility [75].

Since technology costs and efficiency assumptions were extrapolated
from global averages rather than regional Caribbean datasets, the lack of
defined uncertainty bands for these capital expenditures limits the
precision of the economic forecasts. Consequently, future research
should cross-check these LEAP results with higher-resolution, hourly-
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dispatch optimization models to validate the system's operational
confidence.

Finally, the model simulates scenarios under the assumption of un-
hindered policy implementation and frictionless capital flow, which
does not reflect Cuba's complex reality. The simulation cannot fully
quantify the significant financial bottlenecks stemming from the U.S.
economic embargo, the lack of convertibility of the national currency,
and limited access to international climate financing or multilateral
credit [76]. These geopolitical factors represent critical barriers to
securing the staggering investments required for the UPG and IDE
pathways. Furthermore, the IDE reliance on a large expansion of
biomass capacity oversimplifies significant environmental and spatial
constraints. In practice, expanding biomass to such extremes entails
severe land-use trade-offs, directly competing with agricultural land
needed for food production [24], and posing risks to local biodiversity
and soil metabolism [77]. Given these profound land-use and water
constraints, evaluating a less extreme variant—such as an 80 % to 90 %
renewable penetration pathway—would be highly beneficial in subse-
quent studies to identify a more pragmatic balance between decarbon-
ization ambition and practical implementability.

See Table 11 for the qualitative taxonomy of key uncertainties
treated as limitations in this study.

Implications and strategic recommendations

It must be emphasised that the three scenarios presented in this study
serve distinct analytical purposes and should not be read as equally
immediately implementable policy alternatives. The policy-continuity
scenario reproduces the explicit commitments already embedded in
Cuba's official planning instruments. The Upgraded and Ideal Scenarios,
by contrast, should be interpreted strictly as technical-economic path-
ways under assumed implementation capacity: they operationalize
literature-estimated ceilings of renewable potential, accelerated trans-
port electrification and large-scale storage, assuming that financing
constraints, currency convertibility, the persistence of external sanctions
and the institutional capacity to absorb multi-billion-dollar investment
programmes can be overcome in the modelled horizon. Therefore, they
function as stress tests of the power-sector response envelope, not as
prescriptive policy pathways.

To realize the most favorable outcomes of this research, Cuban pol-
icymakers and energy planners must implement a strategic roadmap
focused on regulatory reform, system flexibility, and cross-sectoral
integration.

(1) Reform of financial and regulatory frameworks for renewable
investment

To mobilize the massive capital required for the UPG and IDE
pathways, Cuba must address a dual challenge: navigating major
external constraints while deepening internal regulatory reforms. A

Table 11
Key uncertainty parameters and expected directional influence on results.

Parameter Expected Influence This Study Future Work
Suggestions
Population & Demand and Official Sensitivity
GDP Growth capacity projections Analysis
requirements
Fuel prices Relative cost of GOV Fixed Trajectory Future price
vs UPG bands
CAPEX/storage UPG & IDE feasibility ~ Learning-curve Future
cost assumption uncertainty
ranges
Biomass IDE feasibility Technical ceiling ~ CLEWSs nexus
availability analysis
Thermal Baseload Generation Scenario-defined Endogenous
retirement retirement
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critical barrier to this transition is the long-standing U.S. embargo,
which has intensified in recent years, creating an 'oil blockade' and
significantly restricting the country's access to international financial
markets, multilateral climate financing, and state-of-the-art energy
technologies [78]. These external pressures exacerbate the perceived
investment risk and complicate the acquisition of essential components
for renewable infrastructure [21]. Consequently, alongside efforts to
mitigate the impact of these sanctions, authorities should optimize the
Single Window for Foreign Investment to reduce bureaucratic friction
and develop transparent, long-term Independent Power Producer con-
tracts [7]. Establishing an independent regulatory body or public utility
commission remains essential to guarantee fair pricing mechanisms and
provide a stable legal framework that can attract Foreign Direct In-
vestment despite the complex geopolitical landscape.

(2) Prioritization of grid modernization and Large-Scale storage

As the penetration of VRE increases, capital must be actively redir-
ected away from maintaining obsolete thermal power plants toward grid
modernization. Policies must aggressively incentivize the deployment of
BESS and PHES to manage intermittency [22]. Furthermore, legislation
should mandate that all new generation projects include a proportional
storage component to ensure frequency stability and load shifting.

(3) Integration of electromobility as a decentralized grid asset

To achieve the transport decarbonization modeled in the scenarios,
the deployment of EVs must be tightly coupled with power sector
planning. Policymakers must establish a regulatory framework for
electromobility that mandates smart-charging protocols and V2G ca-
pabilities [28].

(4) Implementation of a CLEWs framework for biomass expansion

To avoid the severe resource conflicts identified in the IDE scenario,
the expansion of biomass capacity must be strictly regulated. Agricul-
tural and energy policies must be integrated using a Climate, Land,
Energy, and Water systems (CLEWSs) nexus approach [24]. The state
must enforce strict sustainability criteria, ensuring that the use of sug-
arcane bagasse and invasive species (e.g., marabou) for bioelectricity
does not compete with arable land required for domestic food security or
degrade soil metabolism and local biodiversity [79].

(5) Decentralization and Prosumer Empowerment

Finally, the transition to a highly distributed renewable matrix re-
quires devolving decision-making power to local territories. The gov-
ernment should legally and financially empower Municipal Energy
Management Systems (MEMS) and foster the creation of Renewable
Energy Communities (RECs) [80]. Additionally, electricity tariffs must
be progressively restructured to eliminate perverse subsidies while
protecting vulnerable populations. Cost-reflective pricing, combined
with incentives for net metering, will be essential to encourage end-use
energy efficlency and to stimulate the emergence of local
“prosumers”[81].

Conclusions

This study evaluates long-term decarbonization pathways for Cuba’s
electricity sector up to 2050, indicating that navigating the country's
energy trilemma requires a structural shift in the island's energy meta-
bolism rather than mere technological substitution. The assessment
suggests that deep decarbonization of the power grid transcends envi-
ronmental compliance; it appears to be an economically preferable
strategy to enhance energy sovereignty and insulate the national econ-
omy from the volatility of global fossil fuel markets.
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A critical insight derived from the comparative and sensitivity ana-
lyses is the inherent vulnerability of maintaining a conventional thermal
baseload. Pathways reliant on rigid fossil-fuel infrastructure exhibit a
limited capacity to accommodate demand growth without proportion-
ately increasing greenhouse gas emissions and variable operational
costs. Conversely, pivoting toward a flexibility-oriented matrix—driven
by the diversity of battery storage alongside variable and dispatchable
renewable sources—demonstrates significant systemic resilience. As
evidenced by the model's response to demand fluctuations, a flexible
grid architecture can effectively leverage load growth to accelerate the
integration of high-capacity variable renewables, such as wind power,
thereby further displacing residual off-peak thermal generation. This
dynamic indicates that shifting from baseload reliance to system flexi-
bility transforms potential demand shocks into catalysts for deeper
decarbonization.

Furthermore, the analysis critically examines the boundaries of
achieving absolute electricity-sector carbon neutrality. While techni-
cally achievable, pushing the system to a 100 % renewable frontier relies
heavily on a substantial scale-up of firm biomass capacity. This
requirement exposes inherent vulnerabilities within the Climate, Land,
Energy, and Water (CLEWs) nexus, potentially placing energy targets in
direct competition with national food security and sustainable land use.

The importance of this paper for the scientific community is three-
fold. First, it addresses a critical geographical and methodological gap in
island electricity-sector decarbonization literature, providing the first
high-resolution, bottom-up simulation for Cuba that integrates sector-
specific demand, transport electrification, and diverse storage configu-
rations within a single LEAP framework. Second, it calls into question
the long-term viability of incremental 'baseload + renewables' strategies
for aging island grids, suggesting that without aggressive thermal phase-
out and flexibility investments, emissions rebounds are likely under the
modeled capacity mix. Third, it introduces a novel metric for SIDS: the
potential economic advantages of flexibility-driven pathways over
fossil-dependent ones, challenging conventional planning paradigms
that prioritize short-term asset recovery over long-term systemic
efficiency.

Despite these insights, several methodological and contextual limi-
tations must be acknowledged. First, technology costs and efficiency
parameters were primarily extrapolated from global averages; future
research should incorporate defined uncertainty bands to strengthen the
precision of the economic forecasts. Second, while the LEAP software
provides a robust accounting framework for long-term planning, it lacks
the endogenous economic optimization of hourly dispatch. Subsequent
studies should cross-check these findings using high-resolution optimi-
zation models to validate the system's operational confidence. More-
over, given the profound land-use constraints of a total fossil-fuel phase-
out, evaluating a less extreme variant would be highly beneficial in
future works. Finally, the simulations assume unhindered capital flow,
which does not reflect the significant financial bottlenecks imposed by
the U.S. economic embargo, currency constraints, and limited access to
multilateral climate finance. Overcoming these real-world barriers re-
quires future investigations to focus on innovative financial mechanisms
capable of unlocking the capital necessary for this critical transition.
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