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Abstract

The proposed study analyzes the efficiency of the European energy mix of electricity gen-
eration technologies from two perspectives: environmental and economic. The context
is that of European energy dependence and a technology mix conditioned by the import
of fossil fuels. The impact is centered, among other elements, on the leakage of national
income and the emission of polluting gases. The aim is to determine the participation that
each type of power plant in each country should present in order to minimize the total
environmental impact. In order to solve this problem, a double optimization is proposed
through the use of two methodologies: one based on a multi-criteria decision-making
method (MCDM) model with which to evaluate the environmental performance of each
power plant, and a second optimization based on a quadratic model of portfolios modern
portfolio theory (MPT), with which to evaluate the efficiency of the portfolio of technolo-
gies from the cost/risk binomial. The results confirm that an environmentally efficient
portfolio leads to higher levels of economic risk-taking, with a slight increase in the level
of assumed cost. Nevertheless, from the results obtained, it is possible to say that hydro
(with a share between 11 and 13%) and wind (37-44% mix participation) technologies
resulted to be preferred options both environmentally and in terms of minimum risk effi-
ciency. Nuclear power generation stands out as one of the main baseload technologies with
shares between 25 and 35% in environmental and cost/risk efficiency. As main findings,
Hydro, supercritical lignite, solar PV and wind are identified as preferential technologies to
be present in both minimum risk and minimum cost efficient portfolios. In case European
Union pursues for minimizing the cost of electricity production, the shares of supercritical
lignite, nuclear, solar PV and wind energy go up to the maximum allowed limits. The nov-
elty lies in the application of both methodologies with which to complement the analysis
and design efficient portfolios of energy technologies from environmental and economic
points of view. One possible future approach would be to assess (with the MPT model)
new environmentally optimal portfolios obtained through the application of other MCDM
techniques.
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1 Introduction and objectives

Particularly relevant for any territory is the resolution of the energy security problem: This
means generating energy in a secure way, based on continuous and reliable access to qual-
ity energy resources; doing so at a reasonable cost; not negatively affecting the economic
competitiveness of the territory; and all within an environmentally and socially responsible
context.

In this sense, the European Union (EU) consumes around 20% of the energy produced
in the world, and its energy dependence exceeds 50% (Eurostat, 2022). It imports around
45% of the coal, 87% of the oil and 67% of the natural gas it consumes. Consequently,
every year, the EU spends nearly 1 billion euros per day on imported energy resources
(European Commission, 2014). Russia leads the way as the main supplier, supplying more
than 30-35% of each of the imported fossil fuels. The relevance of this energy dependence
has become evident in the wake of the Russian invasion of Ukraine (Steffen & Patt, 2022).

It is in this context that the role played by renewable energies in European energy plan-
ning over the last 30 years makes sense. There are numerous positive effects derived from
the presence of renewable energies in the portfolio. Generally speaking, renewable ener-
gies contribute to reducing the negative pressure on the environment (Cartelle Barros et al.,
2020). They also help to diversify the type and origin of the inputs needed to produce
energy. This reduces external dependence and increases the security of supply. In other
words, renewable energies reduce the exposure to risks such as the fossil fuel price vari-
ability and volatility, revenue leakage or environmental externalities, among others. They
are also based on the use of natural resources, which means that the territory has open
and free access to them. It is also an industry that generates qualified employment in the
communities where these technologies are implemented and improves access to energy for
the different population centers, thus consolidating greater decentralization. Furthermore,
renewable energies are indispensable for the electrification of the road network. The expan-
sion of electric cars that rely on a fossil-fueled electricity mix would not serve to reduce
current environmental deterioration. On the other hand, an increase in renewable electricity
production will pose a challenge for managing the electricity system.

In the existing literature, many authors have dealt with energy planning problems with
different objectives, adopting different approaches, and also using a wide variety of meth-
odologies. Solving energy planning problems usually involves selecting the optimal gener-
ation portfolio according to a predetermined objective. Under the traditional approach, this
means searching for the portfolio that minimizes the total generation cost. Nevertheless,
in recent times, other objectives have been added to this target, such as environmental and
risk objectives, among others.

In this regard, modern portfolio theory (MPT) stands out as one of the most widely
used techniques for solving energy planning problems in recent years (DeLlano Paz et al.,
2017). MPT was initially developed by Markowitz for financial applications (Markowitz,
1952), although its use has been extended to other fields. The original objective of MPT
was to assess different portfolios of financial assets, taking into account both the expected
return and the associated risk. The latter is usually understood as the variability (variance
or standard deviation) of the portfolio. MPT is based on the fact that the interaction among
assets is more relevant than their separate individual value (Tapia Carpio, 2021a, 2021b).
Its application allows the user to obtain the so-called efficient frontier. It consists of all the
optimal combinations of assets. In other words, each one of the portfolios included in this
frontier is efficient in the sense that it returns the maximum profit for a certain level of risk
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(Martinez-Fernandez et al., 2018; Roques et al., 2010). It is also possible to say that each
efficient portfolio has the minimum possible risk for a certain expected return. The useful-
ness of MPT and, in particular, the efficient frontier is that not all investors are equally
risk-averse (Brandi & dos Santos, 2020). Consequently, some seek lower risks at the cost
of lower returns, while others are willing to take greater risks. More information about the
mathematical foundations of MPT is included in Sect. 2.

When MPT is applied to the energy sector, the financial assets are usually replaced by
different energy technologies. Each portfolio is assessed according to different binomials:
return and risk, cost and risk, electricity generation and risk, among many others, always
with the objective of determining the efficient frontier. On the other hand, it is also com-
mon to assess specific portfolios, for example, those designed or projected by the coun-
try’s decision-makers for future time horizons, to check whether they are efficient or not.
Table 1 presents some of the existing studies dealing with the application of MPT (some-
times in combination with other techniques) to the energy sector.

According to Table 1, it is clear that many authors have used MPT to solve different
problems in the energy sector, considering different technologies and binomials, and with
diverse temporal and geographical scales. However, in most of the existing studies, the
environmental dimension is either absent or plays a residual role. Furthermore, once the
corresponding efficient frontier has been obtained, the authors usually assess current sce-
narios and future projections of these scenarios, usually those proposed by international
organizations, such as the International Energy Agency (IEA). Once again, environmental
impacts are not taken into account in any real depth when these future scenarios are pro-
jected and assessed. The energy sector and, in particular, fossil fuels, are major contribu-
tors to global warming (Khandaker et al., 2022; Qamar et al., 2022). The consequences
of the climate change are already being felt around the globe (Halder et al., 2022; Karimi
et al., 2022a, 2022b; Rizvi et al., 2020). Nevertheless, the energy sector also generates
many other environmental impacts that are often ignored in the existing literature (acidifi-
cation, eutrophication, toxicity and resource depletion, among others). The time has come
to shed light on these gaps in the current knowledge. Therefore, the main objectives and
the novel aspects of the present study are:

e The modern portfolio theory is applied to the European Union with the objective of
determining the efficient frontier in terms of total generation costs and risk for different
years: 2020, 2030, 2040 and 2050. The most common types of renewable and non-
renewable power plants, including several technology variants, were considered. A set
of constraints has been specified with the aim of limiting the maximum possible gen-
eration of each type of power plant. These constraints were defined on the basis of both
public and private institutions.

e Once the efficient frontiers were determined, different scenarios were defined and assessed
in terms of costs and risks. The first scenario represents the real portfolio for EU-27' and
the UK for year 2017. The other three scenarios represent another novel aspect of this
study. They were proposed by Cartelle Barros et al. (2022) in a previous study. Specifi-
cally, the authors presented and solved an optimization problem using the EU-27 and the
UK as a case study. They determined, in three different scenarios, the participation that
each type of power plant in each country should present in order to minimize the total

! EU-27: the 27 countries belonging to the European Union (EU) after the UK left the EU.
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Cartelle Barros et al. (2020) - Three optimal scenarios from an
Cartelle Barros et al. (2022) environmental point of view (EU-27 + UK)
Percentage of electricity produced with each Percentage of electricity produced with each
technology in each country and in EU-27 + technology in each country and in EU-27 +
J 2
STARTING (Scenarios 1, 2 and 3) BascIiL;cK s(cycc:;n.;)lgr) 2017
POINT I - . T

INPUT DATA TO THIS STUDY |

| MODERN PORTFOLIO THEORY |

I NEW RESULTS (ENVIRONMENTAL IMPACTS, COST AND RISK) I

Fig. 1 General methodology followed in this study. Source: Authors’ own work

environmental impact. In other words, Cartelle Barros et al. (2022), from the real mix for
2017, obtained three optimal portfolios from an environmental point of view. Each one of
these portfolios can be associated with a specific time horizon, as they were calculated on
the basis of different sets of constraints. Fifteen environmental impact categories (not only
those limited to the emission of harmful gases) were taken into account for this purpose.
This is intended to check whether environmentally optimal portfolios are efficient when an
MPT approach is adopted.

e To complete the analysis, the distances between the portfolios of the different scenarios
studied and the efficient frontier have been calculated. This distance can be interpreted as
the reduction in costs/risks that would have to be assumed in order to achieve efficiency,
based on the change in the composition of the portfolio to shift from a non-efficient to an
efficient one. The level of diversification of each portfolio was assessed using the Herfind-
ahl-Hirschman Index.

To the best of the authors’ knowledge, there is no similar study in the existing literature. On
the other hand, the reader should bear in mind that there are other types of energy planning
problems besides the one presented here. Although an extensive review of the state of the art
on energy planning problems is beyond the scope of this paper, the reader can consult Har-
ish et al.(2022), Niet et al. (2022), Chang et al. (2021), Dranka et al. (2021), Babatunde et al.
(2019), Dagoumas and Koltsaklis (2019), or Koltsaklis and Dagoumas (2018), among many
others, for more information on literature reviews.

The remainder of this article is structured as follows. The methodology implemented in
this study is included in Sect. 2. In particular, it contains a description on how Cartelle Barros
et al. (2022) obtained the three portfolios assessed in this paper. It also includes information
about the modern portfolio theory (MPT) model used to determine the efficient frontiers. The
results are presented and discussed in Sects. 3 and 4, respectively. Finally, the conclusions,
limitations and possible future developments are discussed in Sect. 5.
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Life Cycle Analysis (LCA)
From cradle to grave
For each technology

For each country

Climate change
Acidification

Ecotoxicity, freshwater
Eutrophication, freshwater
Eutrophication, terrestrial
Eutrophication, marine
Human toxicity, cancer

Tonizing radiation
Particulate matter

LCA results: 15 midpoint indicators
Climate change (kg CO,.q)
Acidification (Mole H"q)

Land use indicator (points)

Percentage of electricity produced in
each country with each technology

European environmental index

MIVES model: 15 midpoint indicators
For each technology
For each country
(Cartelle Barros et al., (2020))

W

4

Country environmental index
For cach country

|

Environmental index
For each technology
For each country

Percentage of electricity produced in
cach country with technology
For each country

Ozone depletion

Photochemical ozone formation
Resource depletion, water
Resource depletion

Land use

STEP 1
ASSESSMENT

+ Human toxicity, non-cancer

Optimization problem
Objective function: European
environmental index
3 scenarios with different cons

Environmental index
For each technology
For each country

Electricity production of each type of
power plant in each country and in EU-
27+ UK

Cartelle Barros et al. (2022)

STEP 2
OPTIMIZATION

Fig.2 Detailed description of the procedure followed by Cartelle Barros et al. (2022). Source: Authors’
own work based on Cartelle Barros et al. (2022)

2 Materials and methods

The general methodology followed in this study is presented in Fig. 1. As indicated in
the previous section, the modern portfolio theory (MPT) is applied in order to obtain the
efficient frontiers (total generation costs and risks) for the European Union for differ-
ent time horizons. Subsequently, three environmentally optimal portfolios are assessed
in terms of costs and risks. These three portfolios are the result of a previous study
conducted by Cartelle Barros et al. (2022). Therefore, even though the environmentally
optimal portfolios are evaluated once MPT has been applied, it is possible to say that
the results presented in Cartelle Barros et al. (2022) are the starting point of this study,
as shown in Fig. 1.

Similarly, the results included in Cartelle Barros et al. (2022) are, in turn, based on a
previous multi-criteria decision-making model (MCDM) (Cartelle Barros et al., 2020).
Consequently, in order to understand the approach taken, it is necessary to provide addi-
tional information on the studies developed by Cartelle Barros et al., (2020, 2022), in
Fig. 2.

In Cartelle Barros et al. (2020) (Fig. 2), the authors developed a MCDM model based
on the MIVES (Modelo Integrado de Valor para una Evaluacién Sostenible, in Spanish)
method (de la Cruz et al., 2014). This model allows the user to assess the environmental
performance of any type of power plant by taking into account the 15 midpoint environ-
mental impact indicators suggested by the International Reference Life Cycle Data Sys-
tem Handbook (ILCD) (European Commission, 2011), which are shown in Fig. 2. It is
important to note that the 15 environmental indicators are not only limited to the envi-
ronmental impacts derived from the emission of harmful gases. Other environmental
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impacts such as ionizing radiation, resource depletion, land use and particulate matter
are included, since they are also detrimental to the “health” of the planet and its spe-
cies. The relative importance of each of the 15 indicators was established according
to Kupfer et al. (2017). On the other hand, the MIVES model returns a dimensionless
environmental index that varies between O and 1, the worst and best possible results,
respectively. The reader should bear in mind that the model adopts a cradle-to-grave
approach. In this regard, it is important to remark that all types of power plants, includ-
ing those relying on renewable energies, generate all types of environmental impacts
when all stages of the life cycle are analyzed. The widespread belief that renewable
energies do not generate negative environmental impacts is erroneous (Cartelle Barros
et al., 2020). In fact, the environmentally perfect technology does not yet exist. Despite
this, renewable energies are, on average, better options than conventional power plants.
The reader can find more information about the MIVES model in the study by Cartelle
Barros et al. (2020).

By using the MIVES model (Cartelle Barros et al., 2020), Cartelle Barros et al.
(2022) assessed the environmental performance of the European electricity sector for
the year 2017. In particular, the 27 countries belonging to the European Union (EU-27),
as well as the UK, were considered. In other words, the authors estimated an environ-
mental index for each European country. The percentage of participation of each type of
power plant in each country was taken from Eurostat (2017). The environmental data to
feed the MIVES model for each country was provided by Thinkstep databases (Think-
step, 2018a, 2018b). These databases provided the value that each environmental indi-
cator adopts for each type of power plant when generating 1 kWh of electricity. These
values are measured in the corresponding units. For instance, the value that a certain
type of power plant in a specific country obtains for climate change is expressed in kg
of CO,.,/kWh. Figure 2 of Cartelle Barros et al. (2022) includes all the units of meas-
urement. Similarly, the authors also estimated an environmental index for the European
electricity sector as a whole for 2017. The reader can find more information about the
calculation process of both each country environmental index and the European envi-
ronmental index in Cartelle Barros et al. (2022) (Fig. 2).

Finally, Cartelle Barros et al. (2022) proposed and solved an optimization problem in
three different scenarios, with the goal of obtaining three environmentally optimal port-
folios. The aim was to maximize the environmental index for Europe, using the electric-
ity mix for 2017 as a starting point (baseline scenario). In other words, the production
percentages of each type of power plant in each country were defined as optimization
variables. Therefore, the objective was to determine the amount of electricity that each
type of power plant should produce in each country in order to minimize the environ-
mental impacts (maximum European environmental index). Coal, lignite, natural gas,
nuclear, wind, solar photovoltaic (PV) and hydro alternatives were the main types of
power plants considered. All those alternatives with irrelevant levels of participation
were discarded (for example, wave and tidal technologies, among others). The three sce-
narios are theoretical, and each of them starts from the European electric mix for 2017.
Therefore, the difference among them lies in the extent to which the production of each
type of power plant in each country can vary from the baseline scenario. In particular, a
variation up to 50% was allowed in Scenario 1, while this limit adopted a value of 25%
and 5% for Scenarios 2 and 3, respectively. Such a variation can either be in the form of
an increase or a decrease (Fig. 3).

On the other hand, as indicated in Fig. 3, some common constraints were defined for the
three scenarios (Cartelle Barros et al., 2022). In particular:
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SCENARIO 1: environmentally
optimal portfolio 1
Variations of electricity production with
each type of power plant of + 50%

BASELINE SCENARIO: Possible time horizon: 2040-2050 A
European electric mix for 2017 g
2

* Coal > 11.93% SCENARIO 2: environmentally 9
* Lignite > 10.68% optimal portfolio 2 A
* Naturalgas > 22.32% Variations of electricity productionwith | | ©
*  Nuclear > 27.92% each type of power plant of + 25% a
* Wind > 12.18% Possible time horizon: 2030 ;
* SolarPV 2> 3.82% >
« Hydro > 11.15% 3
> TOTAL > 100.0% SCENARIO 3: environmentally v

optimal portfolio 3
Variations of electricity production with
each type of power plant of + 5%
Possible time horizon: 2020

Fig. 3 Description of the baseline scenario and the procedure followed by Cartelle Barros et al. (2022) to
obtain the environmentally optimal portfolios. Source: Authors’ own work based on Cartelle Barros et al.

(2022)

Table 2 Percentage of electricity production with each type of power plant. Source: Authors’ own work,

based on Cartelle Barros et al. (2022)

Scenario (EU-27 and UK)*  Type of power plant

Coal Hydro Lignite  Natural gas  Nuclear  Solar PV Wind
Scenario 1: portfolio 1 739 1575 5.22 25.78 25.50 3.16 17.20
Scenario 2: portfolio 2 9.61 13.50 7.88 24.08 26.69 3.48 14.76
Scenario 3: portfolio 3 1146 11.63 10.10 22.67 27.67 3.75 12.72

427 countries belonging to the European Union and the UK

The percentage of electricity generated by each country in relation to the European
total for 2017 is constant.

Only the technologies included in the baseline scenario (2017) in each country can pro-
duce electricity. In other words, if a given country produced no nuclear electricity in
year 2017, for example, that production will remain equal to zero after the optimization
problem. The reason for this is to avoid the installation of new technologies in each
country (large investments), demonstrating that better environmental results are pos-
sible by modifying the participation of the existing technologies.

The environmental index for each country cannot be lower than the one obtained for the
baseline scenario.

Taking into account the time needed to modify the European electric mix for 2017, the

MIVES results for Scenario 1 (variation of up to 50%) can be identified with years 2040
and 2050, while Scenarios 2 and 3 can be associated with the 2030- and 2020-time hori-
zons, respectively. The results obtained by Cartelle Barros et al. (2022) for the three sce-

narios are included in Table 2.
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Table 3 Maximum generation limits by technology and year

Technology Year
2020 (%) 2030 (%) 2040 (%) 2050 (%)

Pulverized coal and supercritical lignite 23.76 15.84 7.92 0.00
Combined Cycle Natural Gas 25.72 17.15 8.57 0.00
Carbon capture and storage 0.00 10.02 10.02 10.02
Nuclear 26.00 29.85 32.13 35.46
Offshore wind 1.26 2.46 3.04 4.03
Onshore wind 12.74 24.84 30.76 40.80
Solar photovoltaic 3.79 8.20 9.70 13.14
Solar thermal 0.20 0.40 1.00 1.33
Geothermal 0.20 0.40 0.50 0.67
Hydropower 10.08 10.81 11.24 11.87
Small hydropower 1.37 1.47 1.53 1.62

On the other hand, as explained in Sect. 1, the modern portfolio theory (MTP) is also
applied in this study, in this case, to power generation and energy policy design. Therefore,
it is necessary to characterize the different energy generation technologies according to a
specific binomial, in this case, the total generation cost (€/MWh) and risk. The latter is
measured as the standard deviation of the total generation cost (€/MWh). The total cost
includes investment cost, operation and maintenance cost (O&M), fuel costs, decommis-
sioning and emission costs.

On the basis of the cost and risk binomial, it is possible to represent the individual tech-
nologies as well as different combinations of them (portfolios) on a cost/risk coordinate
axis. The MPT model provides as a solution a set of efficient portfolios, i.e., the efficient
frontier. Each of the portfolios included on this frontier has the lowest possible cost for a
certain risk value. It can also be said that each efficient portfolio presents the lowest pos-
sible risk value for a certain cost. In other words, it is not possible to find a portfolio with
lower costs or risk, unless higher levels of risk or cost, respectively, are assumed. All the
portfolios that are not included on this frontier are inefficient. Their distance to the efficient
frontier will determine their level of inefficiency.

From a mathematical point of view, the MPT model seeks to minimize the generation
risk by solving a quadratic programming problem, such as the one presented in Eq. (1),
where x € R" is the unknown quantity vector that contains the shares of each technology
in the generation, S € R™" is the variance—covariance matrix and E(6p) is the expected
risk of the generation portfolio represented in the vector x.

min E(cp) = (x’Sx)% (D

A set of constraints has also been defined with the aim of limiting the maximum genera-
tion of each technology for different time horizons, as shown in Table 3. These constraints
are a reflection of global and European energy policies. They also represent an appropriate
diversification of energy sources proposed by both public and private institutions (Ciscar
et al., 2013; European Commission, 2016; International Energy Agency, 2018; Russ et al.,
2009).
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The environmentally optimal portfolios provided by Cartelle Barros et al. (2022) do not
distinguish among all the technologies included in Table 3. Consequently, some of them
were combined. In particular, pulverized coal with and without carbon capture and storage
(CCS) was grouped together. The same has been done for natural gas. On the other hand,
onshore and offshore wind was also grouped. The shares for solar photovoltaic energy in
different European regions were also aggregated. Large and small hydropower plants were
also grouped together, while geothermal energy, which has a low shareholding, was dis-
carded. Appendix includes a table with the individual costs of each technology (Table 7),
as well as the variance—covariance matrix (Table 8) considered in the MPT model. They
can be considered representative of the European Union.

After generating the efficient frontiers and assessing the different scenarios (portfolios),
it is useful to calculate some distances. In particular, especially relevant is the distance
that exists on the coordinate plane between the portfolios and the corresponding efficient
frontier. This distance, indicative of the proximity or remoteness to efficiency, can be inter-
preted as the cost/risk reduction that would have to be assumed in order to achieve effi-
ciency. In terms of the portfolio, this would mean modifying the composition of a portfolio
that is not efficient in order to make it efficient, replacing certain technologies with others
and/or modifying the share of existing technologies.

Depending on the position of the efficient frontier in relation to the origin of coordi-
nates—point (0,0)—and the position of a non-efficient portfolio, it might be possible to
obtain the point of intersection of the efficient frontier with this origin of the coordinate
plane. In those cases where this is not possible, the distances between the analyzed portfo-
lio of the corresponding scenario and the most significant portfolios of the efficient frontier
will be calculated: the global minimum variance portfolio (GMV) and the global minimum
cost portfolio (GMC). The global minimum variance portfolio (GMV) is on the far left
of the efficient frontier. It is the lowest risk-efficient portfolio offered by the model. Con-
versely, the global minimum cost portfolio (GMC) is located on the far right of the efficient
frontier. GMC is the efficient portfolio with the lowest possible cost offered by the model.
Depending on the objective to be met by the decision-maker (cost or risk minimization),
one or the other will be designated as the reference portfolio to be followed, with the effi-
cient weights defined for the different technologies.

Finally, the Herfindahl-Hirschman Index for the different portfolios is estimated
(Rhoades, 1993). This index is usually employed in different contexts as a measure of con-
centration/diversification. Lower values are associated with a less concentrated “market.”
In other words, in energy planning problems, low values of this estimator represent diversi-
fied portfolios and, consequently, adequate electric mixes from the perspective of energy
security.

3 Results

Figure 4 shows the position of the environmentally optimal portfolios from the environ-
mental point of view (orange dot-Scenario 1 (portfolio 1); green dot-Scenario 2 (portfolio
2); and red dot-Scenario 3 (portfolio 3)). Their locations lead to slightly higher cost values
than those of the absolute minimum risk portfolios, and they also present a higher risk in
all cases.

Table 4 shows the cost and risk values for the three scenarios resulting from the envi-
ronmental optimization (Cartelle Barros et al., 2022), as well as the results for the base
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Fig.4 Location of the environmentally optimal portfolios by scenario and the corresponding efficient fron-
tiers. Source: Authors’ own calculations

Table 4 Cost and risk values for the different scenarios. Source: authors’ own calculations

Scenarios Cost (E/MWh) Risk (€/MWh) Cost change (%) Risk change (%)
EU 2017 92.971 0.076

Scenario 1: Portfolio 1 96.348 0.080 +3.63 +4.74

Scenario 2: Portfolio 2 94.689 0.078 +1.85 +2.41

Scenario 3: Portfolio 3 93.315 0.077 +0.37 +0.48

case (European Union and the UK for 2017). It also includes the change in both cost and
risk relative to the baseline. These variations are dimensionless, as they were calculated as
the difference between the value for each scenario and the baseline, divided by the cost or
risk for the base case. In the case of not considering maximum participation restrictions,
the efficient frontiers would be those represented by the dashed lines. Similarly, Table 5
includes the composition of all the relevant scenarios, including the global minimum risk
(GMYV) and the global minimum cost (GMC) scenarios for the different time horizons. The
corresponding costs, risks as well as the Herfindahl-Hirschman Indices are also shown in
Table 5.

As can be deducted from Tables 4 and 5, the environmentally optimal portfolios corre-
sponding to the 3 scenarios present worse cost and risk results than the base scenario port-
folio (EU 2017). In this case, the portfolio derived from the environmental optimization
with the smallest possible variation (5%) in the shares of the technologies—Scenario 3—is
the one that offers the least deviation from the EU 2017 reference portfolio. It also presents
the least deviation from the efficient frontier. However, from the point of view of portfolio
theory methodology, none of the three portfolios is efficient in terms of MPT.

The location on the cost/risk coordinate axis of the three environmentally optimal port-
folios shows that they are not cost/risk efficient. In fact, they are located further to the right
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Fig.5 Environmentally optimal portfolios and their distances to the corresponding efficient frontiers.
Source: Authors’ own calculations

and above the efficient frontiers generated by the quadratic portfolio optimization model
(MPT). It can therefore be concluded that these are environmentally optimal portfolios,
but not cost/risk efficient from an MPT perspective. From a cost/risk efficiency point of
view, it could be concluded that as the potential variation in the share of each technology in
the environmentally (MIVES) optimal scenarios increases, portfolios with higher costs and
risks in comparison with the base case will appear.

These results call into question the limitation of both models individually. A priori, it
seems reasonable to think that an environmentally optimal portfolio should also be effi-
cient (or close to the efficient frontier) when a MPT approach is adopted. It therefore seems
necessary to advance in the definition of a new mixed model that corrects this situation.
One possibility would be to incorporate all externalities into the MPT model. In other
words, the potential costs arising from all the environmental impacts should be taken into
account at the time of calculating the total generating cost, as well as the corresponding
risks. These external costs should not be limited to the emission of greenhouse gases. This
should help to correct the market failure caused by the non-consideration of externalities.
In other words, the technologies that contribute the most to environmental degradation will
experience an increase in their costs, even above the cost of some types of power plants
that are currently not cost-effective. Therefore, environmentally harmful technologies will
no longer be an option for decision-makers. Another possibility which may be compat-
ible with the first one is to add the environmental dimension into the MPT optimization
process. By doing so, a third variable should be included on the original two-dimensional
coordinate axis (cost and risk).

With the above in mind, the distances from the environmentally optimal (MIVES) port-
folios to each efficient frontier for 2020, 2030, 2040 and 2050 are shown in Fig. 5. It stands
out that only the 2020 frontier is intersected by the segment connecting the origin of the coor-
dinate plane (0,0). In this case, point A in Fig. 5 represents the intersection between such a
segment and Portfolio 3 from the MIVES model. Analogous points for the different environ-
mentally optimal portfolios can also be represented. On the other hand, the efficient frontiers

@ Springer



F. deLlano-Paz et al.

Table 6 Distances between environmental optimum portfolios and efficiency. Source: Authors’ own calcu-
lations

Scenarios Year Distance from Distance of intersection from origin Distance from
GMV (€/ (0,0) (6/MWh)? and 2020 MPT efficient GMC (€/MWh)
MWh) frontier
Baseline (EU 2017) 2020 0.7170 21.428 28.511
2030  40.688 Not possible 100.303
2040  72.062 Not possible 109.171
2050 109.259 Not possible 165.524
Scenario 1: Portfolio 1 2020  26.597 56.774 62.277
2030 74.453 Not possible 134.070
2040 105.828 Not possible 142.937
2050 143.025 Not possible 199.290
Scenario 2: Portfolio2 2020  10.009 39.426 45.690
2030 57.866 Not possible 117.482
2040 89.241 Not possible 126.350
2050 126.438 Not possible 182.703
Scenario 3: Portfolio 3 2020 0.3727 25.028 31.954
2030 44.131 Not possible 103.747
2040  75.506 Not possible 112.614
2050 112.702 Not possible 168.968

*This is the distance between the scenario and the point of intersection between the segment joining the sce-
nario with the origin (0,0) and the efficient frontier, when this intersection is possible

for years 2030, 2040 and 2050 are too small and are shifted to the left in such a way that
an intersection point between each environmentally optimal portfolio and the origin (0,0) is
not possible. Therefore, in these cases, it has been decided to calculate the distances to GMV
(on the left side of the efficient frontier) and GMC (on the right side of the efficient frontier)
portfolios.

Table 6 shows the numerical values of the distances included in Fig. 5. As can be seen,
Portfolio 3 (variations of electricity production of each type of power plant of +5%, Fig. 3)
and the EU 2017 portfolio are very close to each other, with differences of less than 5% in
most of the cases. Portfolio 3 is the one that is closest to the efficient minimum risk MPT
portfolio (0.37). Therefore, it can be said that variations of up to 5% in the European portfolio
for 2017 would serve to move toward the efficient frontier for 2020, when the objective is to
minimize the risk. On the other hand, if the objective is to minimize the total generation costs,
the closest portfolio to the efficient frontier for 2020 proved to be the baseline case, with a
distance of €28.51/MWh.

The environmentally optimal (MIVES) portfolios 1 and 2 are far from their correspond-
ing efficient frontiers. In fact, portfolio 2 is far from the GMV and GMC portfolios for 2030
(57.86 and €117.48/MWh, respectively). Similarly, portfolio 1 is far from GMV and GMC
portfolios for 2040 and 2050.
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4 Discussion

The results presented in Sect. 3 are discussed below. Furthermore, some comparisons with
the existing literature are also made. In this regard, the reader should note that this study is
novel in several aspects (Sect. 1). It is therefore difficult to make direct comparisons with
the results presented by other authors, since the approaches differ. Despite this, some valu-
able comparisons are possible, even if they are only partial.

Based on the results obtained with the modern portfolio theory (MPT) model, it is pos-
sible to identify the preferential technologies, i.e., those that reach the participation limit
in both GMV and GMC portfolios for different time horizons. According to this, “Hydro,”
“Lignite,” “Solar PV” and “Wind” are the best alternatives. In fact, their participation
allows electricity to be produced at the lowest possible risk and cost. If only the 2020- and
2050-time horizons are considered, “Nuclear” also joins this group of preferred technolo-
gies (Table 5). These options were previously identified as promising solutions by other
studies adopting an MPT approach. For instance, Arnesano et al. (2012) found that both
“Nuclear” and “Wind” alternatives should play an important role in the Italian electric mix.
However, in this case, the authors considered a return—risk binomial in the MPT model.
Cucchiella et al. (2017) stated that lower-risk portfolios have a considerable presence of
hydro power plants. Although the authors limited the analysis to Italy, it serves to partially
validate the results of Table 5. In fact, “Hydro” has reached the maximum possible share
in all the GMV portfolios (Table 5). Similar results were obtained by Awerbuch and Yang
(2007) for the European Union. According to the authors, “Wind” and “Nuclear” technolo-
gies increase their shares in the optimal portfolios. These results are in line with the ones
presented in this study. In a previous study, Awerbuch and Berger (2003) found that opti-
mal European portfolios in terms of costs and risks include a strong presence of “Wind”
energy. This is consistent with the results presented in Table 5, in which “Wind” reached
the maximum possible share in all GMV and GMC portfolios. “Hydro” and “Wind” tech-
nologies also proved to be preferential options for the European Union, according to DeL.-
lano Paz et al. (2014). “Wind,” “Hydro” and “Nuclear” power plants were also identified
as the best options in another study carried out for the European Union, in this case, for
two different time horizons: 2020 and 2030 (DeLlano Paz et al., 2015). In a later study,
DeLlano Paz et al. (2018) extended the list of preferential technologies, including solar
photovoltaic.

For the particular case of China, Gao et al. (2014) also obtained similar results. In par-
ticular, according to the authors, “Hydro” and “Nuclear” dominate the electric mix for
2020, while “Wind” and “Solar” resulted to be the best options for 2030. Furthermore,
the authors also indicated that renewable energies will not completely substitute conven-
tional power plants. This reinforces the maximum shares obtained by some non-renew-
able sources in this study, in particular, “Lignite” for all time horizons and “Nuclear”
and “Natural gas” for certain years (see Table 5). Lucheroni and Mari (2017) also high-
lighted the necessity of including “Nuclear” in baseload portfolios as a way of reducing
risks (price variability). On the other hand, Wu and Huang (2014) argue that “Natural Gas”
power plants should still be present in the electric mix for the particular case of Thailand.
According to the authors, “Natural Gas” is an adequate technology to cover the intermit-
tency of renewable energies in optimal portfolios. Although Thailand has certain singu-
larities that make it different from European countries, this statement is valid to justify,
at least partially, the share that “Natural Gas” has obtained for years 2030 and 2040 in
Table 5. Likewise, Lyrio de Oliveira et al. (2022) found that “Natural Gas” is the preferred
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non-renewable option, in this case, for Brazil. Furthermore, the model proposed by the
authors also returns maximum expansions for “Hydro,” “Wind” and “Solar” technologies,
results that are in line with those here presented. Malala and Adachi (2020) claim that opti-
mal portfolios require additional investments in “Natural Gas,” “Wind” and “Solar” tech-
nologies. Although the results are specific to Kenya, they are in line with those obtained
here for the European Union.

In other words, the results obtained with the MPT model for the European Union are
largely in line with the conclusions previously reached by other authors for this and other
regions. However, the technologies that have maximized their participation when seeking
to minimize risk or costs are not exactly the best technologies from an environmental point
of view. Therefore, it is now time to compare the composition of the environmentally opti-
mal portfolios with the GMV and GMC portfolios. In doing so, it is possible to extract
some relevant ideas. In particular:

e Portfolio 3 (+/-5% variation in the share of each technology) can be compared to the
portfolios generated by the MPT model for the 2020 horizon. In general terms, it is
possible to say that this environmentally optimal portfolio presents efficient cost/risk
combinations for the “Hydro,” “Natural Gas,” “Nuclear” and “Wind energy” technolo-
gies, as they present similar shares.

One of the main differences is found in “Coal.” The MPT model completely elimi-
nates this option, while the environmentally optimal portfolio still maintains it. In any
case, the participation of “Coal” in Portfolio 3 has considerably decreased in compar-
ison with the baseline scenario, which is in line with the “movement” suggested by
the MPT model. The opposite occurs for “Lignite” power plants. The GMV and GMC
portfolios present around two times the share for this technology as compared to Port-
folio 3.

In terms of risks and costs (MPT model), it could be concluded that the main dif-
ference between a minimum risk and a minimum cost portfolio lies in the share of
“Hydro” and “Natural Gas.” If the objective is to minimize the risk, “Hydro” should
increase its participation by 5%, while “Natural Gas” should decrease its share by the
same value. The opposite must be the case if the objective is to minimize the total cost.
All this is for year 2020.

e Portfolio 2 (+/-25% variation in the share of each technology) can be compared to the
portfolios generated by the MPT model for the 2030 horizon. In this case, the differ-
ences are greater. The GMV portfolio is closer to Portfolio 2 than GMC. In particu-
lar, GMV and Portfolio 2 present similar technology shares for: “Coal” (9.61-10%),
“Hydro” (13.50-12.77%) and “Nuclear” (26.69-25.56%). In order to bring Portfolio 2
closer to an optimal solution in terms of risk, it would be necessary to increase the par-
ticipation of “Lignite,” “Solar PV and “Wind” energy.

e Portfolio 1 (+/-50% variation in the share of each technology) can be assimilated into
the MPT portfolios for 2040 and 2050, since it is the one with the greatest possible
variation, which often requires more time for the changes to be made effective. Portfo-
lio 1 prioritizes the participation of three technologies: “Hydro,” “Wind” and “Natural
Gas.” Nevertheless, if the objective is to minimize the risk, Portfolio 1 still needs an
additional expansion in terms of “Wind” energy. A greater participation of “Nuclear”
and “Solar PV” technologies is also required.

With regard to the diversification index—the Herfindahl-Hirschman Index—it can be
seen that there is systematically a greater concentration in GMC portfolios than in their
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GMYV counterparts. Therefore, it is possible to conclude that portfolios with minimum
costs are associated with lower levels of energy security.

Looking at the role of technologies in both the environmentally optimal and the MPT
portfolios, the following can be noted:

e “Coal” is a technology that would only participate in the efficient MPT portfolios when
the objective is to minimize the risk. From an environmental point of view, its progres-
sive abandonment is confirmed. In the latter case, this is because it is a technology that
can generate considerable environmental impacts in terms of the potential for global
warming, acidification, terrestrial eutrophication and human toxicity (non-cancerous
effects), among other possible environmental indicators (Cartelle Barros et al., 2020,
2022).

e “Lignite” proved to be a preferential option in MPT portfolios (irrespective of whether
the objective is to minimize risk or cost. On the contrary, the MIVES environmental
model progressively reduces its share as the possibility of variation increases. It is
important to note that lignite-fired power plants have very poor environmental perfor-
mance. Compared to other alternative technologies, they contribute greatly to global
warming, particulate matter and acidification, among other possibilities. In fact, accord-
ing to the MIVES model, its environmental index in European countries rarely exceeds
a value of 0.5, with 1 being the best possible result.

e “Natural Gas” is a technology with a relevant share for the 2020-time horizon for effi-
cient portfolios in terms of costs and risk. However, as later time horizons are consid-
ered, “Natural gas” would only take part in the GMC portfolios. On the other hand,
from an environmental point of view, it was identified as a preferred technology, as its
share increases in all scenarios. The reason for this is that this technology proved to be
the best non-renewable energy that can be used for the baseload from an environmental
point of view. In fact, its environmental performance per kWh of electricity produced
even surpasses certain renewable energies, such as solar photovoltaic. Its contribution
to global warming is lower than that of other thermal power plants. It is also the best
alternative in terms of ionizing radiation (Cartelle Barros et al., 2020).

e “Nuclear” technology is preferential in terms of MPT for 2020 and 2050. Its share var-
ies from 25.56% in 2030 to 35.46% in 2050. In contrast, it gradually reduces its share
in the environmentally optimal scenarios. However, some clarifications are needed.
Nuclear energy has been identified as the second-best non-renewable alternative for the
baseload from an environmental point of view, only surpassed by natural gas (even out-
performing this technology in certain countries). Therefore, the share of nuclear energy
in MIVES scenarios does not increase due to the way in which the optimization was
proposed in the study developed by Cartelle Barros et al. (2022). In this study, the best
environmental alternatives increase their share in order, from best to worst, trying to
take advantage of all the freedom provided by the constraints. At the same time, the
worst alternatives decrease their share, also in an orderly fashion, but in this case in
the opposite direction. These two processes occur simultaneously, always respecting
the constraints and with the objective of maximizing the overall environmental per-
formance at European level. Under these circumstances, the optimization process very
often leads to increasing only the share of “Hydro,” “Wind” and “Natural Gas” alterna-
tives. This should then be followed by an increase in the share of alternatives such as
“Solar photovoltaic” or “Nuclear.” However, this usually runs counter to the objective
function or the constraints. Therefore, taking into account how the optimization prob-
lem was modeled in Cartelle Barros et al. (2022), nuclear decreases its share in the
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European Union as a whole. Nevertheless, this is not always the case if a country-by-
country analysis is performed (Cartelle Barros et al., 2022). Furthermore, if other con-
straints are set and also if other real barriers are considered, there would most likely be
scenarios in which nuclear would increase its share, also with the aim of maximizing
the EU’s environmental performance.

e “Hydro” is a preferred technology from an environmental point of view. It is also a
good alternative in the MPT model if minimum risk is proposed as an objective.

e “Solar PV” is a preferential technology in the MPT model to achieve efficiency in terms
of both risk and assumed cost. Its final share is four times the participation of the 2020
portfolios. However, from an environmental point of view, it is not considered a pre-
ferred technology. The comments made for nuclear are also applicable to this technol-
ogy. In any case, Solar photovoltaic is the clear example that not all renewable energies
generate negligible environmental impacts as compared to non-renewable energies, in
particular, if a cradle-to-grave approach is adopted and also if the impacts are analyzed
per unit of electricity generated, as has been the case in the study conducted by Cartelle
Barros et al. (2020). In this line, the environmental results of “Solar PV” is consider-
ably worse than those of other renewable energies, such as “Hydro” or “Wind.” In fact,
its environmental performance is closer to that of natural gas or even to the typical
performance of a nuclear power plant. Solar PV obtained discrete environmental results
for indicators such as resource depletion or freshwater ecotoxicity.

e “Wind” proved to be an outstanding option in both “MIVES” and “MPT” models. It is
a technology, therefore, that excels in both environmental and cost/risk optimization.
A higher share of this technology would be needed, which could place it at a level of
37-44% in the 2050 efficient portfolio.

According to the modern portfolio theory, when the objective is to minimize the risk
for the 2030, 2040 and 2050 horizons, “Natural Gas” should be abandoned from 2030 on.
Similarly, “Lignite” and “Coal” technologies should also experience a progressive aban-
donment. On the other hand, “Nuclear,” “Solar PV” and “Wind energy” should increase
their share. If the objective is to minimize the cost of the portfolio, “Hydro” should be
replaced by “Natural Gas” and “Coal.” Furthermore, “Lignite,” “Nuclear,” “Solar PV” and
“Wind” would reach the maximum permitted limits.

5 Conclusions, limitations and future developments

The modern portfolio theory (MPT) is one of the most commonly used techniques in order
to solve energy planning problems. The aim of this methodology is to determine the effi-
cient frontier. It usually consists of all the optimal combinations of power plants according
to a specific binominal, for instance, cost and risk. Once this frontier has been calculated,
the assessment of potential future energy scenarios is a common practice in the existing
literature. The idea is to test whether those future portfolios are efficient when an MPT
method is applied and, if not, to analyze how the share of each technology must change in
order to approach the efficient frontier. These scenarios are usually future projections pro-
posed by public and private organizations at different geographic levels. Nevertheless, to
the best of the authors’ knowledge, the environmental dimension is not taken into account
to the extent that it should be. This is one of the main shortcomings to be resolved.
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In other words, in this study the MPT method is applied to the European Union with
the objective of determining the efficient frontier (total generation costs and risk) for
several years: 2020, 2030, 2040 and 2050. After that, different scenarios were assessed.
In particular, the real electric mix for the European Union for year 2017, as well as three
environmentally optimal portfolios proposed in a previous work developed by Cartelle
Barros et al. (2022). Finally, the distances between the portfolios and the efficient fron-
tier have been calculated. This distance can be interpreted as the reduction in costs/risks
that would have to be assumed in order to achieve efficiency.

The efficient frontiers generated by the MPT model show an improvement in the cost/
risk levels as the time horizon increases, since they shift on the coordinate axis to the
left (lower risk) and downward (lower cost). It is therefore confirmed that future projec-
tions advance the creation of cost/risk-efficient portfolios for the European Union. On
the other hand, the results indicated that the environmentally optimal portfolios are not
cost/risk efficient. In fact, environmentally efficient portfolios entail a slightly higher
cost than absolute minimum risk portfolios and present a higher risk in all cases. In
greater detail, the environmentally optimal scenario for 2030 should replace “Natural
Gas” with “Lignite,” “Wind” and “Solar PV” technologies in order to be more efficient
in terms of costs and risk. Similar conclusions were also obtained for the 2040-2050-
time horizon. In this case, “Natural Gas” should be substituted by “Nuclear,” “Solar
PV” and “Wind” energy. In terms of technologies, “Hydro,” “Lignite,” “Solar PV” and
“Wind” were identified as the best technologies in terms of cost/risk. “Nuclear” power
joins this group of preferred alternatives for 2020 and 2050. In other words, the share
of these technologies in the European electric mixes should be as high as possible for
different time horizons. If the cost/risk and environmental approaches are analyzed
together, the following conclusions can be drawn:

e “Lignite” technology is preferred for cost/risk efficiency, but is discarded from an envi-
ronmental point of view.

e The “Natural Gas” technology continues to be preferred for environmental optimization
as the time horizon progresses, while it is discarded for cost/risk efficiency if minimum
risk is sought.

e “Nuclear” power generation resulted to be an acceptable baseload technology from
an environmental point of view. However, if it is possible to increase the capacity of
other better alternatives such as “Wind,” “Hydro” or “Natural Gas,” its share will not
increase. “Nuclear” resulted to be a preferential option in terms of cost/risk for the
2020 and 2050 horizons, with a share between 25 and 35%.

e “Hydro” is a preferred technology in the MIVES model and in MPT if minimum risk is
proposed as an objective. Its efficient share is between 11 and 13%.

e “Solar PV” is a preferred technology in the MPT model, but not for environmental opti-
mization. Its final share in 2050 would be multiplied by 4 (from 3 to 13%) in the case of
pursuing cost/risk efficiency.

e “Wind” is preferential in both “MIVES” and “MPT” models. It is a technology, there-
fore, that excels in both environmental and cost/risk optimization. In terms of cost/risk
efficiency, the EU should have a share of 37-44% in the efficient portfolio in 2050.

In case the EU opts for an objective of minimizing the cost of electricity production, the
“Hydro” share should be abandoned and replaced by “Natural Gas” and “Coal.” The shares
of “Lignite,” “Nuclear,” “Solar PV” and “Wind energy” increase to the maximum allowed
limits.
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Some of the limitations of this study are associated with possible future developments.
By way of example, the environmentally optimal scenarios assessed in terms of costs and
risk were obtained through the application of a multi-criteria decision-making (MCDM)
method, in particular MIVES. However, there are many other MCDM methods in the
existing literature (Koppiahraj et al., 2021). Consequently, one possible future approach
would be to assess (with the MPT model) new environmentally optimal portfolios, in this
case, obtained through the application of other MCDM techniques. Although each MCDM
method has its own peculiarities, this future development should not lead to conclusions
that are very different from those presented here. Another potential line of future research
is based on studying the feasibility of a mixed model that incorporates the environmental
dimensions of the MCDM optimization model and the economic-financial dimensions of
the quadratic optimization portfolio theory model.

Appendix

See Tables 7 and 8.

Table 7 Costs by technology in €/MWh for the modern portfolio theory model

Technology Year
2020 2030 2040 2050

Pulverized coal 81.10 85.51 100.06 111.32
Supercritical lignite 75.10 68.51 79.06 85.32
Combined cycle natural gas 92.95 97.79 106.74 111.67
Pulverized coal with CCS 100.87 108.18 112.76 118.70
Combined cycle natural gas with CCS 108.34 110.02 113.76 115.20
Nuclear 92.00 86.00 82.00 82.00
Offshore wind 123.00 105.00 95.00 90.00
Onshore wind 89.00 80.00 75.00 72.00
Photovoltaic (South EU) 77.00 65.00 59.00 55.00
Photovoltaic (North and Central EU) 108.00 95.00 89.00 84.00
Solar thermal 255.00 192.00 165.00 157.00
Geothermal 99.00 92.00 86.00 81.00
Large hydro 135.00 135.00 135.00 135.00
Small hydro 108.00 106.00 104.00 101.00
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