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Abstract

Background Research on portfolio optimization for energy generation often does so from a financial perspective.
This study addressed a unique challenge: determining which companies, amidst a globalized electricity market,
should be retained for climate risk preservation during specialization. Utilizing weather and generation data from 106
power plants across Argentina, we adapted integer-portfolio-optimization tools. Originally designed for financial
index funds, these tools helped us construct a portfolio of power plants for a resilient energy mix.

Results Our findings revealed optimal companies for retention by analyzing different portfolio configurations,
where the number of plants was adjusted iteratively. In each iteration of the model, we selected a set of repre-
sentative plants that minimize climate risk, which sometimes resulted in a plant being included in one portfolio

but not another. This approach identified the specific companies and technologies essential for a diversified and cli-
mate-resilient energy portfolio while ensuring a strategic transition toward specialization and stabilizing generation
risk in the face of variable weather conditions.

Conclusions This paper presents a groundbreaking solution for specialization in a globalized energy market. Through
portfolio optimization, we identified pivotal companies for each stage of the transition in Argentina. Firms like Parque
Edlico La Genoveva and Complejo Hidroeléctrico Centrales Cacheuta Alvarez Condarco, showcased the balance
needed for wind and hydroelectric sources. These insights should be used to guide policymakers to ensure a con-
trolled and effective transition while maintaining stable generation risk.

Keywords Energy transition, Index fund, Integer portfolio optimization, Renewable energy

Background

Three fundamental characteristics of future energy mar-
kets are: (i) almost all electricity will be generated by vari-
able renewable energy technologies (VRE) such as wind
turbines and solar cells, and by hydropower sources,
all of which are directly dependent on weather; (ii) fur-
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areas. While hydrogen can play a role in the future energy
landscape, its efficiency in the context of electricity stor-
age and re-generation needs to be carefully evaluated. It
may be more rational to use hydrogen directly in trans-
portation or to replace natural gas in industrial processes,
where it can be more efficient. Therefore, while hydrogen
is mentioned as a potential technological solution, it is
not the focus of this paper, which instead concentrates
on the optimization of the energy generation portfolio.
Further research is needed to thoroughly evaluate the
role and efficiency of hydrogen in sustainable energy
systems. These three points are closely interrelated and
emphasize the urgency of establishing clear policy guide-
lines, legal frameworks, and the infrastructure necessary
for an adequate development of future energy markets
throughout the world and, in particular, of future energy
networks. Such energy networks will consist of extended
power “super” grids [1-3], but they will be more general
than that, as they will also include economic transactions
between energy providers and consumers located in very
distant areas, using green hydrogen and other innova-
tions in terms of storage. In short, fully integrated trans-
national energy markets operating over large geographic
areas and covering neighboring or distant countries in
regions as diverse as Western Europe or South America
are likely to be the norm in future energy markets.

Amidst the global shift toward renewable energy
sources and the increasing complexity of transnational
energy networks, policymakers and energy stakeholders
face a critical challenge: how to navigate a rapidly evolv-
ing landscape while ensuring a resilient and sustainable
energy future. This challenge extends beyond the mere
transition to renewable technologies; it involves making
strategic decisions that not only optimize energy genera-
tion but also manage the inherent variability associated
with weather-dependent renewables. The decisions made
today will shape the future energy markets, affecting the
reliability, affordability, and sustainability of electricity
supply. In this context, our study delves into the intricate
web of energy generation, climate risk, and economic
considerations, offering a systematic approach to aid gov-
ernments in preserving a stable yet competitive energy
landscape in an era defined by globalization, specializa-
tion, and renewable energy dominance.

An example of the type of policy challenges that gov-
ernments around the world will face in the coming dec-
ades, as the energy transition progresses and this new
reality arrives, is the following: which hubs or clusters
of energy generation firms, within national territories,
should the government ideally encourage, in order to
consolidate a competitive advantage for electricity gen-
eration within a given (potentially very large) transna-
tional economic energy network? In the case of VRE
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companies, comparative advantages are naturally linked
to the geographical location of the generation plants they
use for energy conversion. This location determines, to a
great extent, the weather configuration faced by the gen-
eration technologies of these firms and, therefore, the
electricity generation that they can (physically) contrib-
ute to the network.

Here, we propose an optimal way for governments to
make decisions in this particular aspect. Our approach
is aimed at governments that need to preserve a certain
level of climate risk associated with electricity genera-
tion in the country and want to decide which companies
need to be supported optimally (e.g., facilitating access
to credit, providing capital injections, allowing tempo-
rary tax exemptions, offering subsidies, etc.). However,
we recognize that in some jurisdictions, such as the
European Union, direct support to individual companies
may be restricted by legal regulations. In such cases, our
approach may be adapted to comply with local regula-
tions and function as supporting mechanisms that do not
contravene antitrust and competition laws. The afore-
mentioned government objective refers to the possibility
of consolidating generation in a smaller number of plants
that are highly competitive and strategically selected to
maintain climatic and operational stability. This approach
is not intended to favor large generation monopolies, but
rather to explore how specialization in certain technolo-
gies and locations could contribute to a more stable and
efficient energy transition.

Encouraging the dissemination of multiple small- and
medium-sized generation sources is crucial for mar-
ket diversification and competition. However, it is also
important to consider scenarios where plant consolida-
tion may offer specific advantages in terms of stability
and climate resilience, especially in regions with variable
climate conditions. These firms will be more likely to
become generation leaders when local markets become
even more specialized as required by the globalization of
energy markets and, at the same time, they will be stra-
tegically chosen to preserve a certain risk configuration.
Note that our requirement that this subset of companies
emulate as closely as possible the generation risk due to
actually observed weather conditions is critical from a
national energy security perspective. Indeed, another
way to posit our research problem is: which companies
should the government be willing to support, in order to
preserve the current configuration in terms of weather
generation risk within the national borders of the coun-
try, if it needs to rely only on a subset of companies
among those that are already operating?

These firms are likely to exhibit greater possibilities of
becoming regional leaders within the large (and trans-
national) economic energy network of the future. Note
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that we are not addressing the more general optimiza-
tion problem of deciding, from a central planner’s per-
spective, which are the optimal locations and what the
optimal proportions of VRE plants across the country,
based on historical weather settings [2, 4-9]. Rather, we
are providing a methodology for deciding which subset of
companies, within those already in operation, are capa-
ble of generating electricity by closely mimicking a given
weather risk configuration in the dynamics of national
electricity generation. We recognize that this approach
could discourage the birth of new generation companies,
which could be detrimental in the long term. Support
for a subset of existing companies aims to ensure stabil-
ity and climate resilience during the energy transition.
However, we understand that encouraging competition
and the entry of new companies is crucial for innova-
tion, market efficiency, and the diversification of energy
sources. A dynamic and competitive energy market is
essential for sustainable development and adaptation to
future energy and climate needs. To address this concern,
it is important to consider complementary policies that
balance support for existing companies with incentives
for the creation of new generation companies. These pol-
icies can include subsidies, lines of credit and regulatory
support for new companies, thus ensuring a diversified
and competitive energy market.

It is crucial that decision-makers and policymakers
reflect on the need to balance strategic consolidation
with fostering a diversified and competitive energy mar-
ket. Although specialization can offer benefits in terms of
climate stability and resilience, it should not come at the
expense of competition and innovation. By considering
policies that support both existing and new companies,
sustainable and adaptive development of the energy sec-
tor can be ensured, aligned with global trends of diver-
sification and competition. This balanced approach is
essential to creating a robust and dynamic energy market
that can meet future challenges effectively.

In our empirical application, we used historical weather
records and actual locations of Argentinian power plants.
Our goal was to preserve as much as possible the con-
figuration of weather risk shaped by the n = 106 energy
plants in our sample, which consisted of solar (34), wind
(38) and hydropower plants (34). We showed how to
select a subset of g plants, with g < n, which better rep-
licated the observed weather risk configuration in the
country. In our example, weather risk was fully described
by the correlation matrix (p) of the original # series of
weather variables that measured the main input used in
each case to generate power, according to the respec-
tive generation technology in each of the n energy origi-
nal plants. That is, the correlation matrix between the
meteorological series of solar irradiation recorded on
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the earth’s surface, wind speed and precipitation were
examined for different geographical points in Argentina.
The reason for working directly with the weather series,
rather than with the transformed electricity series, was
that in our problem, the stochasticity was entirely due
to the weather. The generation was simply a determinis-
tic function of the fundamental weather factors. Other
potential sources of uncertainty, such as technology mal-
functions, were omitted from our analysis because they
fell outside the scope of our goals.

Our choice of Argentina as a case study was based on
several strategic factors. First, Argentina has unique geo-
graphic and climatic diversity, ranging from the plains of
the Pampa to the elevations of the Andes and the coasts
of the Atlantic Ocean. This variability provided a complex
and representative scenario to examine how portfolio
optimization strategies can adapt to diverse meteorologi-
cal and geographic conditions. Next, Argentina has expe-
rienced significant growth in installed renewable energy
capacity in recent years, making it a pertinent case to
explore transition strategies toward more sustainable
electricity systems. Furthermore, the availability of geo-
referenced data for power plants in Argentina improved
the accuracy and applicability of our analysis. It is impor-
tant to note that, although we mentioned the situation
in Europe as a reference, our approach and results were
not limited to this context. Rather, we sought to contrib-
ute to the global understanding of energy transitions and
optimization, with practical applications that could be
extrapolated to diverse environments, including those in
Latin America and other regions with similar geographic
and climatic characteristics.

We solved our optimization problem for a sequen-
tially decreasing number of plants, g, starting from
q =n—1 and ending at ¢ =1, and also estimated the
expected generation risk associated to each step. This
information was crucial to assess the risk of an energy
transition that requires specialization, according to
weather conditions, from countries and companies. The
proposed methodology allowed starting from any cor-
relation matrix and participation vector in the genera-
tion mix of the # energy plants. Therefore, although our
application corresponded to the scenario mentioned
above in which the government wishes to keep the
weather risk environment as stable as possible during
the transition to specialization, our proposal could also
be easily adapted to reflect any possible environment
of interest to a policy maker, that is, with participation
quotas potentially being very different from the actual
ones in the different plants, and according to the differ-
ent generation technologies. We found that in Argen-
tina, around 71 power plants diversified across the
three generation technologies sufficed to preserve the
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weather risk of the original 106 plants without loss of
information. Our results also emphasized that given the
sequential nature of the optimization problem at each
step, the model diversified across technologies and also
across locations, guaranteeing a natural diversification
of weather risk across the country.

Our study stands out for introducing an innovative
methodology based on financial portfolio techniques to
identify an optimal set of power plants while preserv-
ing the climate risk configuration. We applied advanced
risk metrics, such as value at risk (VaR) and Expected
Shortfall (ES), to variations in climate factors, to improve
the accurate assessment of risks associated with renew-
able energy generation. Argentina served as a practical
case, highlighting the usefulness of our methodology in
a context of transition toward a more specialized elec-
tricity market. In the critical discussion, we explored the
pros and cons of relying on a small number of companies
for power generation while addressing crucial factors
such as technical risk management, security of sup-
ply, and the adaptability of the power system to chang-
ing climate conditions. Our study offers innovative and
practical results, thereby contributing to transition strat-
egies toward renewable energies in different national and
regional contexts.

The global transition toward more sustainable energy
highlights the central importance of renewable energy.
In our research, we recognized the need to address this
change gradually and strategically based on the chal-
lenges linked to changes in a country’s energy matrix.
Preserving the share of renewable energy emerged as an
essential strategy as it ensures a smooth transition and
mitigates technical and economic risks. Our motiva-
tion lies in the premise that the energy transition must
be gradual to preserve the experience and contribution
of existing renewable energy sources, thus guaranteeing
stability and paving the way toward cleaner technologies.
The proposed model acts as a strategic guide by opti-
mizing plant portfolios to maintain a significant share of
renewables while minimizing climate risks. This perspec-
tive addresses the complexity of energy transitions, and
it offers valuable guidance to decision-makers for long-
term sustainable energy policies.

The rest of this document is organized as follows. Sec-
tion two provides a brief literature review of recent stud-
ies which explore the possibility of relying on a 100%
generation mix based on renewables. This section also
examines literature in which portfolio optimization tech-
niques are used to solve problems regarding optimal ways
to carry out planning in power markets. Next, section
three contains the details of our methodological proposal
that closely follows contributions from the literature
of integer programming for constructing index funds.

Page 4 of 19

Thereafter, section four presents our main results, and
section five provides our conclusion.

Integration of diversification and renewable energy
studies

This study contributes to two branches of academic lit-
erature. First, it expands the set of studies that analyzes
diversification opportunities and addresses the problem
of deciding on the optimal generation mix using portfolio
theory from finance. Second, it relates to a new branch
of the energy literature that analyzes, from a policy per-
spective, the possibility of transitioning to an electricity-
generation mix fully consisting of renewable sources.

In the former set of studies, some authors have
explored the risk-minimization problem subject to a cer-
tain level of reward that a firm wants to achieve, using
Markowitz’s portfolio theory, and assimilated the prob-
lem of deciding on the optimal shares of generation tech-
nologies a firm can invest in an asset allocation problem
[10-14]. In the same group, some studies approached
the problem by changing the perspective from the firm
to that of the government or the policy maker. In these
cases, the policy maker wished to optimize the gen-
eration mix of the country using VRE technologies and
considered the intermittency of this sort of generation
due to weather uncertainty [7-9]. To this end, a variety
of approaches based on classic optimization techniques
and fuzzy multi-objective optimization have been pro-
posed. A last set of authors in this first group went
beyond the national boundaries and directly explored
transnational optimization of renewable energy sources
[2, 4, 6]. Most of the time, these authors focused on the
case of a European super grid. Santos-Alamillos et al. [2]
and [15] have notably explored the diversification pos-
sibility of resorting to different geographical locations
to generate electricity, which is at the core of our study.
The initial authors examined various ways to distrib-
ute new renewable energy capacity across Europe, aim-
ing to maximize the performance of a unified European
power super-grid in terms of power yield while minimiz-
ing fluctuations. The latter authors proposed a portfo-
lio optimization model for constructing a wind-energy
portfolio, which considered a large harvesting region
in the US. The authors’ goal was to reduce the predic-
tion of wind generation and the conditional value at risk
of the portfolio. Unlike the abovementioned studies, we
explored a distinct optimization problem separate from
that considered by policymakers or firm managers. That
is, we addressed the related (but totally different) issue
of deciding which power plants and technologies, within
those already operating, are optimal to support in order
to achieve a similar risk configuration based on the cor-
relation between the intermittent generation sources.
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The second set of studies includes one by [16], which
used a global weather model to calculate thermal loads
consistent with renewable supplies, and studies by [17-
21] all of which explored ambitious policies of 100%
renewable energy by different countries and on differ-
ent planning horizons. Jacobson et al. [22] explored
achieving 100% clean energy from wind, water, and sun-
light (WWS) worldwide. This study offers solutions for
matching energy demand with WWS supply, storage,
and transmission. WWS could cut energy costs, reduce
environmental impacts, and address global warming. In
addition, Jacobson et al. [23] outlines roadmaps for 145
countries to transition from fossil fuels to 100% wind—
water—solar (WWS) energy, aiming for completion by
2050. In Europe, the importance of considering meteoro-
logical variability and its effects on wind and solar energy
generation is crucial. Several studies, such as that of [24]
have analyzed the optimal composition of renewable
energy resource portfolios, taking into account transmis-
sion constraints and conventional generation capacity in
European countries. Furthermore, Maimo-Far et al. [25]
highlighted how spatial granularity in the description
of climate resources influences renewable energy plan-
ning and improves the exploitation of complementarities
and reducing variability. Wohland et al. [26] showed that
multidecadal variability in wind and solar generation in
Europe has a significant impact, and they emphasized the
need for dynamic energy planning. These studies stress
the importance of considering climate and weather vari-
ability in the expansion of renewable energy in Europe
and underscore the need for flexible and adaptive man-
agement strategies to ensure an effective and sustainable
energy transition. Unlike them, our focus was not on
exploring the possibility of a 100% renewable energy grid.
Instead, we started from the desirability of this policy
objective and explored optimal ways to arrive there while
promoting specialization in regions with certain weather
conditions within a given country.

Methods

Our methodology consisted of two steps. First, we per-
formed an optimization using the correlation matrix
of observed weather configurations and progressively
reduced the number of power plants that better preserve
the actual weather/climate risk configuration observed
in Argentina during the sample period. Second, we esti-
mated risk measurements for each of the optimal portfo-
lios found in the first step through the use of value at risk
statistics.

Optimization model
The core of our research rested in constructing an opti-
mal portfolio that reflected the original risk structure
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attributable to climate uncertainty while considering the
installed capacity of renewable energy sources in Argen-
tina. We constructed each of these optimal portfolios
throughout our methodology which can be conceptualized
as an “index fund” [27] that faithfully represents the actual
energy generation mix in the country.

The optimization process unfolded in multiple steps,
with its primary objective being the selection of a
reduced set of power plants from a larger set, such that
this subset was highly representative of the total popula-
tion of plants in terms of installed capacity and, critically,
the underlying climate risk structure. These steps were
pivotal for the transition toward climate specialization
in energy generation, a central aim of our study. Given
a target population of # plants, g plants were selected to
represent the target population as faithfully as possible,
given the observed shares of installed generation capacity
for each technology at each plant.

We proposed a large-scale optimization model that
enabled the consolidation of the diverse mix of renewable
energy generation in Argentina into a smaller set of spe-
cialized plants. This resulting set, comprising a portfolio
of g plants, was specifically designed for energy genera-
tion from wind, solar, or hydro sources. Unlike conven-
tional approaches that seek efficiency in terms of mean
and variance, our approach centered on preserving the
underlying risk structure related to climate uncertainty.
This is particularly relevant for intermittent generation
technologies dependent on climatic factors such as wind
speed, solar radiation, and precipitation [28].

The optimization model was based on grouping cli-
mate-related information associated with each plant into
categories with similar statistical characteristics. Sub-
sequently, the model selected one representative plant
from each category to be part of the optimal portfolio
of specialized plants. In summary, the primary goal of
this model was to maximize the similarity between the
original n plants and their q representatives in terms of
the climate-risk structure. Formally, this maximization
of similarity was expressed through a set of equations
and constraints that ensured the resulting portfolio was
highly representative of the total population of plants
and preserved the original risk structure due to climate
uncertainty. These equations and constraints were essen-
tial to achieving our objective of transitioning toward
climate specialization in energy generation and ensuring
stability in energy production under variable climate con-
ditions throughout this transition. We had that:

Variables

pij : Correlation between plant i and plant j
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{ 1 if j was the most similar plant to plant i in the optimal portfolio
xXj =

Ootherwise

1 if the plant j was selected in the optimal portfolio

Yi =

Ootherwise.

Objective function

n n
Z = Max Z Z PijXij (1)

i=1 j=1

Subject to

The choice of plants in the optimal portfolio was
equal to g.

n
> y=a
j=1

Each plant i has a plant j that represented it in the
optimal portfolio.

n
inj =1lfori=1,...,n
j=1

Each plant i could be represented by plant j, only if j
was in the optimal portfolio.

xj <yjfori,j=1,...,n

Variable p;; represented the correlation between plant
i and plant j. In other words, it quantified how similar
the weather and climate risk profiles were between two
power plants. Higher values of p;; indicated a stronger
similarity in risk. x;;, This binary variable took a value
of 1 if plant j was selected as one of the most similar
plants in the optimal portfolio for plant i. Otherwise, it
took a value of 0. It helped determine which plants were
included in the specialized portfolio for each plant i. y;.
Similarly, this binary variable took a value of 1 if plant j
was selected to be part of the optimal portfolio. It helped
determine which individual plants made up the overall
specialized portfolio.

The objective function Z aimed to maximize the overall
similarity between the original set of # power plants and
their representatives in the optimal portfolio. It did so by
summing the products of the correlation coefficients p;;
and the binary variables x;; while considering all pairs of

plants i and j. In simpler terms, the objective was to find
the combination of plants in the optimal portfolio that
best preserved the weather and climate risk structure of
the original set of plants.

Regarding constraints, the first constraint ensured
that the number of plants chosen for the optimal port-
folio was equal to q. This constraint controlled the size
of the portfolio and ensured it included the desired
number of plants. The second constraint ensured that
each plant i was represented by exactly one plant j in
the optimal portfolio. It guaranteed that each origi-
nal plant was included in the specialized portfolio and
avoided duplication. The third constraint determined
that a plant i could be represented by plant j (x; = 1)
only if plant j was actually selected in the optimal port-
folio (y; = 1). In other words, if plant j was not part of
the portfolio, it could not represent any other plant.

Once the optimization model was solved, and a spe-
cific set of g plants had been selected for the optimal
portfolio, the weight w; was calculated for each plant
j in the portfolio. This weight represented the propor-
tion of the total installed generation capacity of all
plants (C;) that each selected plant contributed to the
specialized portfolio. It provided insights into the rela-
tive importance of each plant in terms of its generation
capacity within the optimized mix. This optimization
model aimed to construct an optimal portfolio of power
plants while considering their similarity in weather and
climate risk profiles. The objective was to maximize
the overall similarity while controlling the size of the
portfolio and ensuring that each original plant was rep-
resented by one of the selected plants. The weights w;
provided information on the contribution of each plant
to the portfolio based on its generation capacity.

Our current optimization model focused on preserv-
ing the climate risk configuration by selecting power
plants with similar climate profiles. However, we rec-
ognized that this approach did not directly consider
the need to balance generation with system demand
at all times. To address this limitation, it was essential
to include the analysis of the demand diagram and its
daily and seasonal evolution. Energy demand varies
significantly throughout the day and year, and these
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variations needed to be considered to ensure that the
system could meet demand at all times. Clearly, the
incorporation of generation demand would completely
change the model used, which is currently based on
analyzing climate correlations. In future research, we
propose to extend our model to integrate these critical
factors. This will include the analysis of the hourly and
seasonal demand profile, allowing a selection of plants
that not only maintains climatic stability, but also
ensures a continuous and balanced supply of energy
according to the needs of the system.

By incorporating these additional dimensions, we
aimed to develop a more comprehensive and applica-
ble methodology for planning resilient and sustainable
energy systems, which could effectively adapt to vari-
ations in demand and ensure a robust balance between
generation and consumption.

Value at risk (VaR)

VaR is a widely adopted measure used to evaluate the
risk associated with a portfolio of financial assets. In the
context of our study, VaR served as a powerful tool for
assessing the risk related to the generation of electricity
from renewable sources, particularly in the face of vari-
able weather conditions. In [29], VaR can be defined as
a quantification of the maximum potential loss in the
value of a portfolio that may occur over a predefined time
horizon and within a specified level of confidence. In sta-
tistical terms, VaR represents an extreme percentile of
the distribution of changes observed in the series being
analyzed. In our case, we applied VaR to estimate the risk
associated with the logarithmic variation of weather fac-
tors used in electricity generation.

We employed two fundamental approaches to esti-
mate VaR in our application. The first was historical VaR,
which calculates VaR by analyzing historical data. Spe-
cifically, it quantifies the a empirical percentile of the
historical distribution of the data series. This approach
provides insights into the potential loss scenarios based
on past observations of weather conditions. It is a valu-
able tool for assessing risk in situations where historical
data are rich and relevant to the current context. Para-
metric VaR, the parametric approach, on the other hand,
assumes that the changes in the weather series follows a
Gaussian (normal) distribution. This distribution is char-
acterized by two key parameters: the mean (u;) and the
standard deviation (oy) of the changes. The parametric
VaR is then determined by combining these parameters
with the desired confidence level «. Mathematically, it is
expressed as:

VaR 1) = e + Z(a)0ts (2)
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where VaR ) represents the value at risk at a given
time horizon t and confidence level «. In addition, u; is
the mean of the changes in the weather factors. o; is the
standard deviation of the changes in the weather fac-
tors. Z ) corresponds to the o percentile associated with
the normal distribution. The parametric VaR approach
provides a valuable tool for estimating risk in situations
where historical data may be limited or where there is a
need to project potential losses into the future based on
the statistical characteristics of the data. In our analysis,
we applied both historical and parametric VaR methodol-
ogies to comprehensively assess the risk associated with
electricity generation from renewable sources.

VaR calculations for weather-related series in renew-
able energy generation brought significant relevance
and innovation to our study. These calculations played
a pivotal role in quantifying and managing the inherent
risks associated with renewable energy sources, par-
ticularly those dependent on variable weather condi-
tions. VaR serves as a powerful tool to assess potential
financial and operational risks, aiding decision-makers
in energy planning and policy formulation. What set
our approach apart was the use of logarithmic varia-
tions in the VaR analysis. Logarithmic transformations
not only stabilized data variance, but also provided
results that were highly interpretable in terms of per-
centage changes. This enhanced the practicality and
applicability of our risk assessment, making it an essen-
tial component for stakeholders and policymakers in
understanding, prioritizing, and addressing the chal-
lenges posed by weather-related variability in renew-
able energy generation.

Furthermore, we extended our risk analysis beyond
VaR by incorporating expected shortfall (ES), also
known as conditional VaR (CVaR). ES, as defined
by [30], represents the conditional loss expectation
given that the loss exceeds the VaR for a specified sig-
nificance level a. Mathematically, ES is expressed as
ESy(X) = E[X|X = VaRy(X)], where X represents the
weather-related series. This addition allowed us to delve
deeper into understanding the potential consequences
of extreme weather conditions on renewable energy gen-
eration and provided an even more comprehensive risk
assessment for our study.

We introduced VaR as a fundamental tool to assess
and manage the risk associated with electricity genera-
tion from renewable sources, specifically in the context
of variable climate conditions. This measure becomes
relevant when addressing volume risk, which is mani-
fested through significant deviations in energy genera-
tion forecasts due to climate variability. The uncertainty
introduced by changes in temperature, extreme weather
events, and other unpredictable conditions can have a
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considerable impact on renewable energy production.
The applicability of VaR in our study rested in its abil-
ity to quantify the probability and magnitude of possible
losses associated with volume risk. By considering fluctu-
ations in power generation related to climate factors, VaR
provides a valuable measure that helps decision-makers
better understand the potential financial and operational
implications amid climate uncertainty. This tool becomes
an essential component for effective risk management,
supporting the transition toward a more sustainable
energy matrix.

We can confirm that the preservation of the climate risk
configuration is justified by its role in the stability, pre-
dictability and security of energy generation. This aligns
with the need to minimize economic and social impacts
associated with extreme weather events. Furthermore,
we will highlight how this preservation supports energy
security and contributes to a more controlled transition
toward sustainable energy sources.

Data

For our empirical application, we selected the country of
Argentina and used 106 main power generation plants
that utilize different production technologies associated
with wind, solar and hydraulic sources. We included a
total of 38 wind plants, 34 solar plants, and 34 hydrau-
lic plants in our sample. These plants represented an
installed power capacity of more than 16,747 MW. Fig-
ure 1 shows the geolocation of the 106 plants. The wind
plants are located mainly on the coast of the country,
while the solar plants are located in the north of the
country and the hydraulic plants are distributed in the
center and north of the country. Of the 16,746 MW gen-
erated from the plants in the sample, 74.7% was produced
by hydroelectric plants, 16.3% by wind parks, and 9% by
solar parks.

12000

8000

Installed capacity (MW)

0

Wind station

Hydraulic station

Solar station

Page 8 of 19

From the georeferencing of each plant, we determined
the latitude and longitude. Using NASA’s POWER Pro-
ject tool [31], we extracted for each coordinate according
to its type of generation, information on wind speed at
2 m, solar irradiation (JM/m2), and precipitation (mm).
Climate information was extracted from 01/01/2000 to
01/01/2022 with a daily frequency.

The climate variability in Argentina is notable due to
its extensive geography and the interaction of various
atmospheric currents. This unique climate component
adds an additional layer of challenges and opportunities
in optimizing renewable energy generation. The geo-
graphical and climatic diversity of the country makes it
an exemplary case to analyze strategies that address cli-
mate variability in the energy sector. We highlighted the
relevance of Argentina as a significant study model to
understand how countries can successfully manage the
transition toward renewable sources and address cli-
mate variability in the electricity sector. We developed an
interactive application that provides an innovative tool
to visualize and explore these aspects in a detailed and
accessible way. It can be consulted at https://juniorjb5.
shinyapps.io/AppBeta.

Our current optimization model focuses on preserv-
ing climate risk settings using historical climate statis-
tics. However, for a medium and long-term analysis, it
is essential to consider not only these statistics, but also
projections of climate evolution. In a climate change
environment, incorporating climate trends and projec-
tions is critical to ensuring that proposed solutions are
resilient and sustainable over time. Future research can
extend our model to include climate projections, should
data become available. This will enable a selection of
power plants that not only preserves the current cli-
mate risk configuration, but also considers future trends,
thereby ensuring robust and adaptive energy planning in
the face of changing climate conditions.

Fig. 1 Sources of energy generation in Argentina. The panel on the left shows the installed capacity in MW according to the source of power
generation. The panel on the right shows the georeferencing of the generation sources, the green color represents the wind plants; the blue color
represents the hydro plants, and the orange color represents the solar plants
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In our study, we used the NASA POWER portal data-
base because of its high reliability and precision. This
NASA project was designed to improve renewable
energy data sets and create new data from satellite sys-
tems. In addition to NASA POWER, we recommend
considering other reliable databases such as WorldClim,
the Copernicus Climate Change Service’s Climate Data
Store (CDS), NOAA’s National Centers for Environmen-
tal Information (NCEI), and the European Climate Data
and Assessment Set (ECA&D). These sources can com-
plement future analyses depending on the context of the
required variables.

Results

Optimization and risk

Figure 2 shows the number of plants according to
their technology within each optimal portfolio of g
specialized plants. We progressively show, from g =1
to g = n =106, how the portfolio of plants that pre-
serve the weather risk structure of actual generation
in Argentina, as much as possible in each step, can be
constructed. For instance, when g = 71, the model dis-
cards 35 non-optimal plants in the sense that these 35
plants are the ones that contribute the least to preserv-
ing the weather risk configuration observed in the port-
folio of the 106 original plants. That is, considering all
the existing plants, our model discards 13 wind plants,
17 hydraulic plants, and 5 solar plants that do not con-
tribute the most to preserving the weather risk con-
figuration in the country. This can be due to variability
of the meteorological series, the installed capacity, or
a combination of both. This means that with a smaller
number (71 plants) we achieved satisfactory similarity
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with respect to the original weather risk structure (see
Fig. 2).

With our approach, we could identify progressive
optimal subsets of plants. We were able to observe
greater participation of solar plants at the beginning,
followed by wind plants and, lastly, we could observe
the incorporation of hydropower plants. This result
was certainly linked to the installed capacity of each
of the existing technologies (i.e., a greater number of
solar plants was needed because they had less installed
capacity). On the contrary, a small number of hydrau-
lic plants sufficed, because they had greater installed
capacity. Figure 3 shows the same information using
percentage shares.

Figure 4 shows the optimal weights assigned by our
optimization model to each source at each step. Due to
the dominance of hydropower in the generation mix of
Argentina, it was natural that our model assigned large
optimal weights within each portfolio to hydraulic plants.

In Table 1, we present summary statistics of the mete-
orological series and of the installed energy capacity
in our optimal portfolios for different values of q. As g
increased, we generally observed greater variability in the
installed capacity of hydro plants, while wind and solar
plants exhibited relatively stable characteristics in terms
of mean values and variability. The total installed capac-
ity of all plant types naturally increased with higher g
values, reflecting the inclusion of more power generation
plants in the portfolio. These patterns provided insights
into how portfolio composition impacts the distribu-
tion of weather-related variables and installed capac-
ity as g varies. The climatic variables, specifically wind
speed and solar irradiation, exhibited relatively stable

Generation source

Number of stations in the optimal portfolio
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Fig. 2 Distribution of the number of plants for each optimal portfolio. The axis of the optimal portfolio represents the number g of plants

specialized in preserving the correlation structure of the energy network



Joaqui-Barandica et al. Energy, Sustainability and Society (2025) 15:11

1

o

0

]
o

Percentage of stations in the optimal portfolio
o &
om o

0.

o

0

6
Optimal portfolio

0 30 0 90

Page 10 of 19

Generation source
. Wind station
. Hydraulic station
- Solar station

Fig. 3 Distribution of the percentage of plants for each optimal portfolio. The axis of the optimal portfolio represents the number g of plants

specialized in preserving the correlation structure of the energy network

Weights in optimal portfolio
o
o
8

1.00
0.75
0.25
0.00
0 30 0 90

6
Optimal portfolio

Generation source
. Wind station
. Hydraulic station

. Solar station

Fig. 4 Optimal composition of each portfolio. This figure shows how the compositions in each portfolio manage to preserve the correlation

structure and the current allocation of the energy network

characteristics in terms of mean values, variability, and
distribution shapes as g varied. These patterns suggest
that increasing the number of power generation plants
in the portfolio does not significantly alter the climate-
related characteristics. Table 1 presents the distribution
of plants assigned for different values of q. For q=100,
the table shows a total of 71 assigned plants (25 wind, 17
hydroelectric and 29 solar). This distribution may seem
confusing, since it does not reach the indicated value of
q. This is because our optimization model was designed
to identify the minimum number of plants necessary to
preserve the country’s climatic structure. Although the
model was iterated until =106, our results indicated
that the climate risk structure remains constant from
q="71. This means that it is not necessary to increase the

number of plants beyond this point to maintain such a
climate structure. Consequently, the table reflects that,
although the value of q could be increased to 100, only 71
plants are required to achieve the model objective.

Figure 5 provides insights into the risk dynamics asso-
ciated with different portfolio sizes (g) for the estimated
VaR and ES. This analysis was conducted using two dis-
tinct methodologies: historical and parametric (Gauss-
ian). In the left panel, one can see how the VaR and CVaR
change as we incremented the number of plants (q) in
our optimal portfolio. Both VaR and CVaR exhibited a
noteworthy decreasing trend, indicating a reduction in
risk exposure as the portfolio diversified. The substan-
tial differences between the parametric VaR and the his-
torical VaR in Fig. 5 are due to contrasting estimation
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Table 1 Summary of optimal portfolio statistics
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Climate information

Installed capacity (MW)

Source n Mean Standard Coef.variation Median Min Max Total Mean Standard Coef.variation Median Min Max
deviation deviation
q=>5
Wind 2 6.2 2.5 39.9% 6.1 05 173 2544 1272 72.8 57.2% 127.2 544 2000
Hydro 1 13 1.8 135.9% 0.7 00 209 1844 1844 0.0 0.0% 184.4 1844 1844
Solar 2 9.1 8.7 95.7% 6.3 00 416 1400 70.0 30.0 42.9% 70.0 400 100.0
q=30
Wind 8 6.4 25 39.2% 6.3 03 176 5380 673 30.8 45.8% 66.0 6.3 1000
Hydro 10 1.5 1.9 133.6% 0.7 00 266 6990 699 805 115.0% 35.0 40 2610
Solar 1290 8.8 98.1% 6.2 00 416 5150 429 38.2 88.8% 234 1.0 1000
q=60
Wind 17 63 25 39.7% 6.1 03 176 10800 635 345 54.3% 504 30 1200
Hydro 17 16 2.1 133.8% 0.8 00 345 65240 3838 7916 206.3% 26.0 2.0 32000
Solar 26 90 9.0 99.3% 6.1 00 418 11760 452 618 136.7% 220 00 3000
q=100
Wind 25 63 25 39.9% 6.1 03 176 16100 644 336 52.1% 530 30 1218
Hydro 17 15 2.1 134.1% 0.8 00 345 71330 4196 7895 188.2% 44.0 20 32000
Solar 29 90 9.0 99.7% 6.1 00 418 13100 452 60.2 133.3% 220 0.0 3000

This table shows the summary statistics within each optimal portfolio when q=5, q=

30, =60, and q=100. On the left side is the climatic information, and on the

right side is the installed capacity. Wind: meters per second (m/s). Hydroelectricity (hydro): precipitation in millimeters (mm). Solar: joules per square meter (J/m?)
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Fig.5 Value at risk for each optimal portfolio. Left panel: historical method.

methodologies. Climate variability introduces complexi-
ties that impact the empirical distribution in the histori-
cal method, while the parametric VaR, by assuming a
normal distribution, can underestimate extreme events
associated with exceptional climatic conditions. These
discrepancies highlight the importance of considering
the non-linear and non-normal nature of volumetric
risks in the context of renewable energy generation.
Initially, there was some volatility in the risk measures,
but this stabilized, notably around g = 71. It is crucial
to highlight that the blue line, representing CVaR, con-
sistently remains higher than the red line (VaR). This
divergence signifies that while VaR provides a valuable
measure of risk, CVaR considers the conditional loss

— Gaussian VaR

i \[\/\ \/\’\/\«/\W\ — Expected Shortall CVaR

VaR

Optimal portfolio

Right panel: Gaussian method

expectation beyond VaR, making it a more comprehen-
sive risk-assessment metric. This difference underscores
the importance of considering the tail end of the risk dis-
tribution, particularly in scenarios where extreme events
might have substantial consequences. In the right panel,
one can find a similar analysis, but this time using the
parametric (Gaussian) method for estimating VaR. Inter-
estingly, the gap between the red and blue lines is notably
narrower compared to the left panel. This suggests that
the parametric approach results in a more aligned VaR
and CVaR. The decreasing trend in risk as the portfo-
lio size increased was a positive finding, indicating that
diversification across a larger number of plants effec-
tively mitigates weather-related risk. The stabilization of
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risk metrics around g = 71 suggests an optimal portfolio
size for balancing risk and return in the context of renew-
able energy generation. The risk tends to stabilize once
the share of the number of hydroelectric plants within
the optimal portfolio stabilizes. It is crucial to note that
the choice to assume a normal distribution for changes
in the meteorological series is a necessary simplification
to apply parametric methods such as value at risk (VaR).
However, in reality, climatic conditions can show non-
normal behavior, with extreme events more frequent
than expected under a Gaussian distribution. Addition-
ally, weather patterns are altering due to climate change,
which may increase the frequency and severity of these
extreme events. This simplification allows the application
of analytical tools, but the inherent limitation of mode-
ling climate variability and the effects of climate change
must be considered.

Furthermore, the consistently higher values of CVaR
compared to VaR emphasize the significance of consider-
ing not only the likelihood of extreme events (VaR), but
also their potential severity (CVaR). This insight under-
scores the importance of robust risk management strat-
egies, especially in the renewable energy sector, where
weather-related events can have a substantial impact on
energy generation.

The expectation of agreement between the historical
and Gaussian methods would assume that the historical
data fit a normal distribution. However, the complexity of
climate variability introduces non-linear dynamics that
may affect this assumption. While the historical method
directly uses information from the observed data, the
Gaussian method imposes the restriction of a normal dis-
tribution. The observed differences highlight the need to
consider the idiosyncrasies of climate data in the assess-
ment of volumetric risk in renewable energy generation.

In the realm of finance, index funds are typically con-
structed to track the financial returns of selected assets.
In our context, we drew an analogy by defining our
own equivalent of return series, denoted as G, which

j\\/\ﬂ /\f ﬂ\f\f SO I I N

Optimal portfolio
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represented the logarithmic variation in meteorological
factors such as wind, irradiation, and precipitation. The
left panel of Fig. 6 illustrates that as we progressively built
our portfolios (from g = 1to g = 30), the average growth
rate of these portfolios increased. Beyond g = 30, port-
folios exhibited a substantial contribution from hydro-
electric sources. Importantly, G consistently maintained
positive values, indicating a strengthening of the mete-
orological phenomena in question. In Fig. 6, one can see
that some portfolios with around 25 plants had a lower
generation risk ratio compared to larger portfolios. This
is because some of these first portfolios contained hydro-
electric plants, which provided risk minimization due to
the controllability and storage capacity of these plants.
However, these initial portfolios showed very unstable
behavior due to variability and lower diversity in gen-
eration sources. As the number of plants in the portfolio
increased, a stabilization was observed in the generation
risk ratio, indicating a reduction in volumetric risk and
greater resilience to climate variations. The optimal port-
folio of 71 plants was selected not only for its low gen-
eration risk ratio, but also for stability and consistency
in risk minimization over time. Although some smaller
portfolios may show lower risk ratios at certain times,
their lack of stability and diversity makes them less reli-
able in the long term.

Now, we can draw parallels between financial concepts
and our energy-climate framework. The right panel of
Fig. 6 introduces the “generation risk ratio’, akin to the
Sharpe ratio in finance. This ratio reflects the relationship
between mean growth rates and the historical volatility
of the meteorological series associated with our optimal
plant portfolios. Increasing Growth Rates: The left panel
demonstrates that as we diversify our plant portfolios,
represented by g, the average growth rate of energy gen-
eration rises. This increase suggests that a broader mix of
energy sources tends to capture more favorable meteoro-
logical conditions. Just as diversified financial portfolios
aim to maximize returns, our energy portfolios seek to

"\
|
| e

Optimal portfolio

— Generation Risk Ratio

Generation Risk Ratio

Fig. 6 Comparison between average growth rates of climatic sources (left panel) and generation risk ratio (right panel)
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maximize energy generation. Strengthening Meteoro-
logical Phenomena: the consistently positive values of G
highlight a pronounced intensification of meteorological
factors. This aligns with our understanding that renew-
able energy generation relies on these weather-related
variables, which are becoming more prominent and
predictable as we diversify our energy sources. Genera-
tion Risk Ratio: in financial terms, the Sharpe ratio helps
assess the risk-adjusted returns of an investment. In our
context, the generation risk ratio serves a similar pur-
pose. It’s noteworthy that this ratio consistently remains
below 1 across all g values. As q increases, signifying a
more diversified portfolio, the ratio declines and stabi-
lizes. This indicates that while the growth rates intensify
with diversification, so does the associated risk.

In essence, just as diversified financial portfolios aim
to balance returns and risk, our approach aimed to opti-
mize energy generation while recognizing the evolving
and intensified meteorological conditions that influence
it. This nuanced understanding can guide effective energy
portfolio management, ultimately contributing to a sus-
tainable and reliable energy transition.

Figure 7 shows the relationship between growth rates
and risk (measured as the volatility of the series) for
each set of optimal plants, similar to the “efficient fron-
tier” in finance. We can see that as g increases, the risk
decreases. We have that for smaller values of g, there are
associated higher growth rates and greater risk. Here,
hydraulic sources play an important role in stabilizing the
risk of power generation.

Risk
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Weather risk diversification

Our results show that the optimization process helps
to diversify the weather risk through a variety of geo-
graphical coordinates. Figure 8 shows the geographical
distribution of the plants that better preserve the actual
weather risk configuration in Argentina. As the value of
q increases, the new plants appear, which are dispersed
throughout the territory. Each plant selected in a port-
folio g is the plant that best represents the set of plants
correlated with it, which is naturally related to the closest
plants, owning to the fact that weather configurations are
mainly determined by geographical locations. This allows
the distribution of power generating plants to be opti-
mized in geographical terms. Additionally, our results
show that much less than 106 plants are enough to cap-
ture the actual weather risk configuration of renewable
energy generation in the country.

Figure 8 provides a visualization of the geographic dis-
tribution of plants that optimally preserve the current
configuration of climate risk in Argentina. Exploring the
results in more detail for different values of q reveals sig-
nificant patterns in relation to installed capacity and geo-
graphic location.

As we increased the value of q, we observed the inclu-
sion of new plants that contributed to geographic diver-
sification. Specifically, for q=3, strategically selected
plants effectively represented the various climatic regions
of the country. When considering the installed capacity
of these plants, a balance between wind, solar, and hydro-
electric sources was highlighted, with a total installed
capacity of 282 MW, reflecting the current technological
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Fig. 7 Average growth rates of climatic sources vs risk for each optimal portfolio. G is simply the logarithmic variation of the meteorological series
of wind, irradiation and precipitation. We define it like the analogous of the series returns



Joaqui-Barandica et al. Energy, Sustainability and Society (2025) 15:11

g=10

(/) D

g A
oo

q=30

) S o

‘O .lu

% 7

Page 14 of 19

q=5 q=38

o®
q=15 q=20

)

&

&®

[
q=60 q =100

® 0

Fig. 8 Geographic distribution of plants optimally selected. We selected a number of values of g to identify diversified climatic variability

from a geographic perspective

diversity in Argentina. Increasing to q=5, the selection
of additional plants further expanded both geographic
diversification and the distribution of installed capac-
ity, totaling 578 MW. It is interesting to note how the
inclusion of solar plants, such as the Arroyo del Cabral
Photovoltaic Solar Park, contributed to a greater repre-
sentation of regions with specific latitudes. This approach
not only balanced installed capacity, but also considered
geographic location to preserve the structure of climate
risk.

In the case of q=8, the optimization strategy con-
tinued to focus on geographic diversification, utilizing
both wind and solar sources in different regions of the
country. The choice of plants such as the Chubut Norte
III and IV Wind Park and the La Puna Solar Park high-
lights the importance of considering latitude and lon-
gitude to maintain climatic stability. In this group, the
total installed capacity reached 459 MW. These results
reinforce the idea that geographic diversification and

balanced installed capacity are crucial in the transition to
a more specialized electricity market. Optimization not
only seeks to maintain the structure of climate risk, but
also considers geography as a key factor in the strategic
selection of plants for renewable energy generation. This
approach ensured optimal adaptation to variable climatic
conditions throughout the country.

Figure 9 shows the time dynamics of the meteorologi-
cal series of wind speed, precipitation, and solar irra-
diation for the optimal portfolio of ¢ = 30. This figure
illustrates the variability of weather series due to each
kind of generation technology, which present marked
seasonal patterns, as expected. As g increased, the
dynamics remained similar; hence, we did not include a
figure showing other values of g.

Figure 10 shows a moving average of 12 months
for each meteorological series, changing the number
q = 5,30,60,100. It can be seen that as g increased,
the diversification between wind (green line) and solar
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Fig. 9 Averages of the meteorological series. This figure shows the behavior of all the climatic series associated with an optimal portfolio
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Fig. 10 12-month moving average for meteorological series. This figure shows optimal portfolios for g=5, 30, 60, 100, where each series
is the moving average of the set of meteorological series by generation source
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Table 2 Correlation matrix for climatic series and moving average (MA) processes for different optimal portfolios
q=>5
Wind Wind Wind Wind Wind Wind Wind
Wind 1.00 0.377%% -0.12. 0.34%% 011, —-0.07
Hydro 1.00 0.05 0.13** 0.33%%* 0.03
Solar 1.00 -0.01 0.03 0.08
Wind (MA) 1.00 0.40*** —0.19**
Hydro (MA) 1.00 0.10
Solar (MA) 1.00
q=30
Wind 1.00 05717 —0.20%* 0.33%%* 0.14% -0.12.
Hydro 1.00 0.02 0.17% 0.34%%* 0.05
Solar 1.00 —-0.03 0.04 0.09
Wind (MA) 1.00 0.577*** —0.36***
Hydro (MA) 1.00 0.12.
Solar (MA) 1.00
q=60
Wind 1.00 0.52%** —0.19** 0.33*%* 0.14% -0.12.
Hydro 1.00 0.00 0.18** 0.34*** 0.04
Solar 1.00 —0.03 0.04 0.10
Wind (MA) 1.00 0.52%%* — 0.34%**
Hydro (MA) 1.00 0.11.
Solar (MA) 1.00
q=100
Wind 1.00 0.52%** —0.19** 0.33%** 0.14* —-0.11.
Hydro 1.00 -0.01 0.18** 0.34%** 0.05
Solar —0.03 0.04 0.11.
Wind (MA) 1.00 0.53%** —0.33***
Hydro (MA) 1.00 0.12.
Solar (MA) 1.00

p-values (0, 0.001 =***0.01=**,0.05=*0.1=.)

irradiation (yellow line) increased too. That is, the two
series decoupled. This indicates that, at each step, our
optimal plant portfolios strategically leveraged and
enhanced the natural negative correlation between the
two meteorological sources. In addition, in Table 2 we
show that the negative correlation intensified when there
was a larger number of selected plants. Table 2 shows
these correlations alongside their associated significance
levels. In addition to the negative correlation between
wind and solar generation, there was a high correlation
between wind and hydro generation. This latter point
emphasizes that optimal portfolios of plants need to con-
sider the three generation technologies when solving the
sequential problem.

Discussion

Our study demonstrates how we can effectively lever-
age integer-portfolio-optimization tools from the realm
of finance to address the complexities of transitioning

toward a more specialized electricity market, particularly
one heavily reliant on renewable energy sources. The sig-
nificance of our findings spans various critical domains.

We recognize the challenges associated with the shift
toward liberalized markets in the majority of economies.
Nonetheless, even within liberal environments, gov-
ernments and regulators play pivotal roles in strategic
decision-making to ensure the stability and efficiency of
the electrical system. Our approach does not aim to sup-
plant the market, but rather, it offers a methodology for
authorities to make well-informed decisions in specific
circumstances. This includes scenarios where maintain-
ing a particular climate risk profile is imperative.

The optimization for preserving the current climate-
risk environment is rooted in the idea that some coun-
tries may seek to protect their electricity generation
from climatic factors. This stability is essential for energy
security and resilience, especially in cases where sud-
den shifts in generation due to climatic events can have
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detrimental economic and societal consequences. We do
not propose that this should be the objective for all mar-
kets, but rather, we believe it should be an option for cer-
tain countries to consider, particularly those in regions
with unpredictable climatic conditions. By maintaining
a climate-risk profile akin to the current state, the risk
of excessive dependence on highly climatically volatile
energy sources can be mitigated, especially in regions
with erratic weather conditions.

The transition to a higher share of renewable energy
can be a gradual and controlled process rather than an
abrupt one. By preserving a climate-risk environment
similar to the present, we can strategically plan the tran-
sition to more sustainable energy sources while ensuring
reliability. Our methodology does not focus primarily on
reducing the number of power plants; instead, it prior-
itizes the selection of a subset of plants that maintain a
desired climate-risk profile. This does not guarantee that
the electricity system will meet all power demands, but
instead, it ensures optimal adaptation to climatic condi-
tions in line with government objectives. We recognize
the importance of meeting energy demand as a funda-
mental priority of the electrical system. Although our
approach focused on maintaining a desired climate-risk
profile by selecting a subset of plants, we understand that
this does not automatically guarantee that an electrical
system can meet all energy demands. Considering total
capacity rather than the number of plants could provide
a more direct assessment of capacity security under cur-
rent climate conditions. This approach would allow gov-
ernments to assess what capacity is needed given current
climate risk conditions and better prepare for climate
variabilities. We consider our methodology to be a mech-
anism that can be used in conjunction with a full-capacity
analysis to offer a more comprehensive view, thus helping
policymakers to make informed decisions that balance
climate resilience with energy security.

The “specialization” discussed in this paper addresses
the need for certain countries or companies to empha-
size energy generation that aligns with their climatic
conditions and available resources. This entails certain
energy market participants focusing on generating power
from specific renewable sources, such as solar or wind,
rather than relying heavily on a diversified mix of energy
sources. This specialization can optimize the efficiency
and profitability of electricity generation, provided a reli-
able supply is ensured, and risks associated with variable
climatic conditions are managed effectively. However, it is
crucial to underscore that the energy transition does not
necessarily necessitate extreme specialization but rather
intelligent and strategic diversification of the energy
mix. In this context, specialization refers to the capac-
ity of specific energy-market participants to adapt and
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efficiently use energy sources that best suit their envi-
ronment and resources, thereby contributing to diversi-
fied, resilient, and flexible energy systems. The adoption
of technologies like distributed energy resources (DERs)
also plays a pivotal role in this diversification and resil-
ience, enabling greater flexibility in energy generation
and distribution.

The central question of our study focused on deter-
mining which companies the Argentinian government
should support to preserve the current configuration of
climate-related generation risk, if it were necessary to
rely on only a subset of already existing companies. In
this sense, it was imperative to examine the benefits and
disadvantages of depending on a limited number of com-
panies in the context of the transition toward renewable
energy sources and climate specialization in electricity
generation.

Concentration on a select set of companies could pro-
vide opportunities to optimize power generation and
appropriately adapt to the country’s specific climatic con-
ditions. This could result in greater operational efficiency
and profitability for selected companies, better aligning
them with renewable energy transition goals. However,
it is crucial to address the potential risks associated with
this strategy, such as system vulnerability to unexpected
events or technical failures in the selected companies,
which could have significant implications on the coun-
try’s energy security.

Limiting the number of companies could potentially
lead to greater specialization in the implementation of
specific renewable technologies. By assigning each com-
pany a more precise approach based on the particular
climatic conditions of its region, operational efficiency
could be optimized. Close collaboration between a few
entities could facilitate more efficient coordination in
the implementation of sustainable policies and practices,
thus simplifying decision-making and the implementa-
tion of measures to address climate challenges. Addition-
ally, by working with a limited number of companies,
technical risk management can be more effective, allow-
ing for the standardization of mitigation strategies and
emergency response protocols.

However, this approach poses significant challenges
and potential risks. Dependency on a small group of
companies increases the vulnerability of the electrical
system to unexpected events, such as technical failures
or internal crises in one of the key companies. Diversi-
fication, which may be limited in this approach, is often
considered a strategy to reduce these types of risks. Fur-
thermore, the concentration of generation in a small
group of companies raises questions about the coun-
try’s energy security. Disruptions to power generation
by these companies could have significant consequences
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for the national electricity supply. Furthermore, depend-
ence on a limited number of companies could limit the
power system’s ability to adapt to changing climate con-
ditions, since geographical and technological diversifica-
tion, associated with a wide range of companies, often
offers greater flexibility. Ultimately, the critical evaluation
of these positive and negative aspects will help inform
strategic decision-making in the design of energy poli-
cies that seek to balance operational efficiency with the
resilience and security of electricity supply in the specific
context of Argentina.

It is essential to recognize the limitations of our study.
We have not explicitly incorporated temporal dimen-
sions, such as seasonal variability, nor have we compre-
hensively evaluated energy transmission and storage
capabilities. The absence of temporal considerations
could limit the complete understanding of climate
dynamics over time. Furthermore, transmission capac-
ity and storage infrastructure have not been addressed in
detail, which could affect the practical implementation of
our approach in real-world conditions. Future research
can address these limitations to offer an even more com-
plete view of the real challenges of the energy sector.

In this study, we focused on the optimization of power
generation during the transition to renewable energy
sources and regional specialization. Although the
demand profile, the daily profiles, and the different con-
sumption sectors (industrial, residential, commercial)
are relevant to understand the electrical system compre-
hensively, these aspects were not specifically addressed
in this work. We recognize the importance of these fac-
tors and suggest that future research delve deeper into
this aspect to obtain a more complete view of the energy
transition.

Conclusions

We adapted integer-portfolio-optimization tools from
finance to show how a government could move to elec-
tricity generation based on renewable energy sources
using fewer power plants than those already operating
within its borders. Such transitions may be necessary
in the future if energy markets become more globalized
than they currently are, and a nation’s electricity gener-
ating needs are impacted by diverse weather patterns
across various regions of its territory. During such a tran-
sition, the main objective of the government would be to
preserve the configuration of weather risks (a determi-
nant for variable renewable energy technologies) to stabi-
lize it as much as possible.

We used data for Argentina, which consisted of sev-
eral meteorological irradiation patterns recorded on
the earth’s surface along with wind speed and precipita-
tion associated with each of the 106 power plants in the
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country. We resorted to these fundamental weather fac-
tors and showed that our model was able to provide the
path that could be utilized optimally during the transition
to a more specialized electricity market in Argentina.

Two natural extensions of our study would be explor-
ing the impacts on the results after changing the optimal
correlation matrix and examining the original generation
mix that the optimization targets. For instance, future
research might use an electricity-generation mix unob-
served in the data but which is directly associated to
optimal generation scenarios for a particular country. In
such a case, the overall goal of that country’s government
would likely be different. Accordingly, its leaders prob-
ably would not be interested in research focused on cur-
rent weather risks to electricity generation, but instead,
they would want studies to focus on future, hypotheti-
cal scenarios. A second extension would be to incorpo-
rate more than one country into the model. Doing so
would directly target the problem of globalized markets
from a supranational perspective instead of focusing on a
restricted optimization problem that only concerns a sin-
gle nation.
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