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 Electricity systems are currently expanding towards more efficient forms of production. Several 
expansionary strategies are being developed to cover increases in future electricity demand. Goals 
such as reducing greenhouse gas emissions, increasing the efficiency of operations, and achieving 
more equitable participation of the actors in charge of the investments are set. Following this prem-
ise, this paper presents a multi-objective model that helps in decision-making on the problem of 
expanding electricity generation. The model considers more realistic views than other works in the 
literature. The vast majority of the stakeholders in the studied field are satisfied with the present 
proposal. Investment costs, greenhouse emissions, and investment contribution rates are consid-
ered. Also, the actual procedures of the generation and transmission stages are rigorously studied. 
This means obtaining solutions that are closer to reality. The case study is the electricity system of 
Argentina. The results obtained indicate that the recommended solutions are the most convenient 
from all points of view. They constitute a mix of the generation with renewable and non-renewable 
technologies. The case study reveals emission reductions of up to 25% and it can be achieved that 
the most vulnerable social groups do not have to finance future system expansions. 
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1. Introduction 
 

Subsidies in the energy sector in Argentina have been developed as a form of compensation for the poorest households. This 
was the result of the great Argentinean crisis of 2001 (Rabobank, 2013). This calamity led to the devaluation of the local 
currency and the end of the so-called "convertibility" (which established that one Argentine peso was equivalent to one US 
dollar). The basic idea of these subsidies was to suspend increases in the tariffs of the main energy services (electricity and 
natural gas supply). The currency devaluation promoted an immediate increase in the cost of providing energy services. The 
country's economic growth that followed this crisis led to price inflation (Reinhart, Carmen & Savastano, 2003). During the 
first years of the convertibility crisis, poverty and unemployment levels were increased. As a consequence, the reordering of 
tariffs was politically unfeasible (Guzowski, 2011). Although at the beginning it was very effective in protecting the econo-
mies of households with economic problems, over the years, the amount of money allocated to these subsidies began to 
represent a significant portion of the State's coffers. Indeed, in 2004 energy subsidies represented 0.2% of GDP, while in 2014 
they represented 2.9%. After the change of government (during 2016-2019), there was a reduction in the percentage of sub-
sidies.  The evolution of these subsidies is shown in detail in Fig. 1. This subsidy scheme led to a disproportionate increase in 
energy consumption. As of 2003, there was an increase in the salaries of the population, and the values of the tariffs were 
"cheap" because they were virtually “frozen” due to the subsidies. This brought several problems (Arze del Granado et al., 
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2012), not only the important expense for the country but also problems in the electricity sector. During that period, companies 
in the electricity sector worked with low-cost tariffs. This situation caused these companies to be placed in a complex financial 
situation, which generated disinvestment in the sector (Guzowski, 2011). 

 
Fig. 1. Subsidies in Argentina during 2003-2019. Based on (Asociación Argentina del Presupuesto, 2015; Lopetegui, 2019) 

 
In the early 1990s, the tariff for energy services had to cover long-term costs (including the profit for the service operator). 
Moreover, according to (Azpiazu, D., Forcinito, K., & Schorr, 2001), tariff changes were not similar for different types of 
users. Between 1991 and 1998, the average tariff for electric energy was reduced by 10.9%, but in the residential area, it was 
reduced by only 8.5%. In contrast, the industrial tariff was reduced by 13.9%. This difference is even more noticeable when 
comparing the different residential sectors: in high consumption residences, the reduction was 70.4%, while low consumption 
residences were reduced by only 1.6%. The same trend was observed in the case of natural gas services. When the average 
increase was 37.3%, the residential tariff increased by 111.8%. By contrast, the large industrial users had an increase of 1.4%. 
At the end of 2001, with the economic crisis in Argentina, users saw their salary income decrease. Problems such as unem-
ployment, price increases, and devaluation caused the average wage to fall to less than half of a similar wage in 1998 (in 
dollars) (Groisman, 2012).  The percentage of poor households grew since 1995 and reached record levels in 2003 (42.6%). 
In addition, more than half of the population corresponded to poor households, and they were unable to pay for all public 
services. Consequently, the effects of the crisis in the energy sectors were important. Subsequently, when the economy started 
to recover in 2005, the limited generation capacity needed to cover the increased demand. This led to using frequently more 
expensive machines, thus, increasing thermal generation. This occurred as a consequence of poor policies to increase installed 
generation capacity in Argentina during the previous years.  
 
During the period 2005-2015 economic subsidies were increased dramatically, mainly destined to the energy sector. They 
functioned as a disguised wage and consumption lever. Authors such as (Castillo, D., & Szkolnik, 2019) conclude that the 
State did not focus subsidies particularly on the sectors with the greatest needs. Even more, due to deficient tariff schemes, 
the electricity was sold very cheap to sectors with important incomes. In 2012, the government decided to implement a tariff 
increase through the "voluntary waiver", and the removal of subsidies in certain geographical regions. In addition, tariff arrears 
were produced. The scenario became significantly more complex due to the economic slowdown experienced from that year.  
With the change of government in Argentina, as of 2016, there was a percentage drop in energy subsidies (concerning GDP). 
However, the reduction in subsidies, with the subsequent increase in energy tariff, affected all sectors equally. This meant that 
many residential and productive sectors were not in a position to pay the elevated tariff increases. With the assumption of the 
new government as of December 2019, the bases for a new tariff scheme and development policies for the energy sector in 
Argentina have been presented. But in the last year (2020) it was difficult to evaluate these objectives due to the emergencies 
that have occurred in the country as a result of the pandemic caused by COVID-19. This disease has caused a great impact, 
not only in the economic and social aspects but has even caused great imbalances in the country's energy system. Besides, 
new generating technologies must be considered in the country structure (G. Alvarez, 2022).Therefore, the current scenario 
is complex and its solution requires a combination of social, economic, and technical approaches. As can be deduced from 
the above, the electricity system requires a large investment to expand its capacity in the upcoming years, considering the 
expected future increase in demand. 
 
The study of power system expansion, considering new technologies and emissions, has been developed in several works. 
The authors of (Yang et al., 2008) use a real options approach to evaluate the effects of government climate policy on private 
investors. In (Bøckman et al., 2008), a method for estimating small hydropower projects is presented. The approach is tested 
on three Norwegian hydropower projects.  The authors of (Lin & Wesseh, 2013) analyze the benefits provided by the elec-
tricity tariff in China, for solar PV production. They use a real option pricing approach to approximate the value of this 
technology, compared to fossil fuel prices. The work of (Boomsma et al., 2012) studies a Nordic case for wind technology 
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installation considering incentives for larger projects and energy certificate trading. In (Zhang et al., 2016), a real model for 
evaluating renewable energy investment is proposed. It considers PV generation in China including multiple uncertain factors.  
In (Chen et al., 2021), the authors study the decisions of a monopolistic company investing in the renewable sector using a 
cap and trade method. They conclude that more investment in the renewable sector does not necessarily decrease carbon 
emissions. Regarding the need for electricity expansion, in (Azam et al., 2021) the authors analyze the relationship between 
economic growth and the electricity consumption increase. 
 
Regarding the decisions about expanding a system to achieve cleaner production, it is a complex task and includes many 
aspects that must be carefully considered. Choosing only one point of view for these decisions can be a big mistake. For 
instance, if the expansion of a type of technology with a lower cost is selected, this expansion can be very dangerous to the 
environment. On the other hand, if the technology is chosen due to its lower emissions, but its high costs are not considered, 
the selected option may involve an elevated cost that makes the project unfeasible. For this reason, the literature has studied 
the multi-objective models, which consider more than one point of view in decision-making processes. Although most works 
consider up to two objective models, in which one is to reduce the cost of operation and the other to reduce emissions, it is 
possible to find some approaches where the problem of investing in cleaner production is addressed. In this regard, (Heinen 
et al., 2016) studies the feasibility of thermal and wind technologies considering the investment costs in the objective function, 
besides fuel consumptions and carbon emission, are considered by weighting values. In (Fazlollahi et al., 2012), a multi-
objective optimization model implementing an evolutionary algorithm is presented. The model is decomposed into a master 
and a slave stage to reduce the computational effort. The authors of (Cayir Ervural et al., 2018) present an energy planning 
model under close-to-reality constraints. The objectives are weighted by applying an analytical hierarchy process. In (Aquila 
et al., 2020), the investments in wind generation are analyzed considering the uncertainty. 
 
In this context, the present work proposes the following contributions:  
 
- To design and implement a multi-objective optimization model that allows improving and expanding the energy system, 
considering all the actors involved: investments and system operators. The current state of the power system will be consid-
ered, as well as the projected future demands according to forecasts.  
 
- Evaluate the stability of new generation technologies. For this purpose, environmental factors will be considered to reduce 
the production of greenhouse gases.  
 
-To study how the introduction of new renewable energies affects the traditional systems. 
 
- Establish an adequate balance about how these expansions will be financed between residential and commercial users, the 
government, and private investments. 
 
The rest of the paper is organized as follows: Section 2 introduces the mathematical models to be solved, Section 3 describes 
the case study, Section 4 discusses the results and Section 5 summarizes the conclusions. 

 
2. Mathematical model 
 
This section presents the formulation of the three models to be solved using multi-objective optimization. 
 
2.1 Expansion system cost 
 
The objective function (1) is the minimization of the cost of expanding the electricity system (EC) by increasing installed 
capacity. It is the sum of the variable representing the increased capacity (𝜎 , in MW) affected by the installation cost of the 
corresponding generation technology (𝛿 , in USD/MW). This model considers all possible sources. The above indexes cor-
respond to the different types of sources considered: (𝑔) natural gas-fired thermal, (𝑑𝑔) non-natural gas-fired thermal, (ℎ) 
hydro, (𝑛) nuclear, (𝑤) wind (𝑝𝑣), solar PV and (𝑜𝑟) other minor renewables. In addition, 𝑥 is the index for each unit and X 
is the total number of units to be installed. min𝐶𝐴 = 𝜎 𝛿 + 𝜎 𝛿 + 𝜎 𝛿 + 𝜎 𝛿 + 𝜎 𝛿 + 𝜎 𝛿 + 𝜎 𝛿   (1) 

 
Constraint (2) establishes the maximum installed capacity of a given unit. It considers that in certain regions it is not feasible 
to increase the installed capacity of a unit. This occurs, for instance, in the case of wind farms, which should not be installed 
where there is low wind activity. The same reasoning applies to photovoltaic plants where there are not many clear sunny 
days. In these cases, the constant 𝜎 ,  (in MW) will be equal to 0. This constraint must be extended to all generation sources 
considered. 0 ≤ 𝜎 ≤ 𝜎          ,𝑥 = 1, … ,𝑋 (2) 
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In addition, there are specific constraints belonging to each type of generation technology. These constraints should be in-
cluded because they affect the efficiency of the selected units for the expansion proposals. Otherwise, a possible solution 
could include units that have low installation costs, but high operating costs, and this is contrary to the premise of efficient 
system operation. Such constraints are detailed in (Gonzalo Alvarez, 2020a). 
 
To model electricity transmission, the DC flow model is adopted, which is described in (Stott et al., 2009). This model obtains 
feasible solutions with low computational effort, in comparison with other nonlinear models (such as the AC model (Overbye 
et al., 2004)). The electricity transmission is modeled in (4). The variable 𝑒 , ,   is the power flow (in MW) on a line that 
is connected by the input (𝑏𝑎 ) and output (𝑏𝑎 ) buses. In addition, 𝜃 , − 𝜃 ,  is the difference of the voltage angles 
between the connected buses (in rad), and 𝑅𝑒𝑎𝑐 ,  is the reactance (constant, in p.u.) between the connected buses. 𝑒 , , = 𝜃 , − 𝜃 ,𝑅𝑒𝑎𝑐 , ,      𝑡 = 1, … ,𝑇 

 (4) 
 

The balance of power flows per bus is modeled in (5). The constraint determines that the sum of the generated power (𝜎 , ,  
per current units and 𝜎 , ,   for power generated per future units) and the transmitted power (input power 𝑒 , ,  minus 
output power 𝑒 , , ) must be equal to the stored power (𝑆𝑃 , ), the outgoing transmitted power (𝑒 , , ), and the 
demand (𝑐𝑎 , ). 𝜎 , , + 𝜎 , , + 𝑒 , , − 𝑒 , ,  = 𝑐𝑎 , + 𝑆𝑃 ,     𝑡 = 1, … ,𝑇;𝑏𝑎 = 1, . . ,𝐵𝐴 

   (5) 
 
 

2.2 Environmental costs 
 
The pollution-related to electricity generation considered in this work is based on greenhouse gas emissions. Several authors 
conclude that the most convenient form to study pollution emission lies in the life cycle of generation units (Pereira & Posen, 
2020). Emission rates are particular to each type of generation technology and are influenced by geographical factors (Weisser, 
2007). The definition of the life cycle is important in determining emission ratios. For example, the emission ratios of photo-
voltaic units have decreased in the last decade, due to advances in their manufacturing process. The plants with the highest 
emission ratios are coal-fired plants. On the other hand, natural gas power plants have lower emission values within fossil 
sources. 
 

The objective function (6) considers the sum of the production of each unit affected by the emission factor. This factor estab-
lishes the tons of CO2 emitted for each MWh. Several formulations and approaches address emissions in nuclear (Sovacool, 
2008), thermal (Martínez & Eliceche, 2009), solar photovoltaic and wind (Nugent & Sovacool, 2014), and hydroelectric units 
(Rasanen et al., 2018). The formulation implemented in this work to determine emissions has two main concepts. The first 
one seeks to relate the operation of the system to the emission that these sources produce. The second concept is to get the 
mathematical model according to the MILP formulation (Mixed Integer Linear Programming) to respond to a large-scale 
system, without applying external techniques that may exclude the global optimum of the search (such as decomposition 
techniques).  Therefore, it presents the objective function that minimizes the emission of each of the mentioned sources. In 
this objective function, 𝑒  is the unit emission constant (in tons of CO2 equiv/MW). min𝐶𝑂 em = (𝜎 𝑒 + 𝜎 𝑒 +𝜎 𝑒 + 𝜎 𝑒 + 𝜎 𝑒 + 𝜎 𝑒 )  (6) 

 

2.3 Determination of investments  
 
The objective function (7) implies the minimization of the investment to be made by each of the actors in the system. It 
considers the investment to be made by each type of user (in USD/MW): residential (𝑖𝑣 ), commercial (𝑖𝑣 ), industrial (𝑖𝑣 ) 
and other users (𝑖𝑣 ). In addition, 𝑛  is a constant of the number of users in each category. In addition to the contribution 
that users should make, there are two variables representing public investments 𝑖𝑣  (by the government) in USD, and private 
investments 𝑖𝑣 . This objective function can be reformulated to minimize the contribution of a particular type of actor. For 
instance, one strategy could be minimizing the investments made by the State. In this case, only the variable 𝑖𝑣  should be 
minimized, instead of the sum presented in (7). Besides, the variables belonging to users can be decomposed into more cate-
gories. For example, within residential users, subgroups can be established according to the amount of kWh consumed 
monthly. The same applies to commercial and industrial users. For this paper, only one category has been included for each 
type of user, to simplify the reading of the mathematical model and the presentation of results in the case study. 
 min 𝑖𝑛𝑣 = 𝑖𝑣 𝑛 + 𝑖𝑣 𝑛 + 𝑖𝑣 𝑛 + 𝑖𝑣 𝑛 + 𝑖𝑣 + 𝑖𝑣  (7) 
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Constraint (8) establishes that the sum of the investments of all the actors mentioned above must be equal to the system 
expansion cost mentioned in (1). Due to this constraint, the objective function (7) can be rewritten by minimizing only one 
(or several) of the six variables presented in that sum, and still maintain consistency among the different models of an objective 
presented. 
 𝑖𝑣 𝑛 + 𝑖𝑣 𝑛 + 𝑖𝑣 𝑛 + 𝑖𝑣 𝑛 + 𝑖𝑣 + 𝑖𝑣 = 𝐶𝐴 (8) 

 
Constraint (9) determines the limits on the contributions that can be made by each of the actors. This is important because for 
instance, due to the economy, residential users in the lowest categories cannot exceed a certain contribution limit. Given their 
complex social situation, an increase in their tariffs may be confiscatory and impossible to pay. 
 𝑖𝑣 ≤ 𝑖𝑣 ≤ 𝑖𝑣          , 𝑖 = 1, … , 𝐼 (9) 

 
2.4 Multi-objective model  
 
In recent years, the concept of Pareto optimality has begun to gain importance in multi-objective problems, as opposed to the 
classical concept of optimality (Ji et al., 2017). When a single-objective solution is considered, the solutions of other objectives 
may get worse. Multi-objective approaches are usually classified in the literature into two categories: preference and genera-
tive. The first group includes most of the published approaches. With these methods, a singular objective receives more 
attention than the others. The disadvantage of these methods is the lack of objectivity that could be produced. The generative 
methods, which are included in the second group, include the called epsilon constraint approaches (ECA, (Esmaili et al., 
2011)) and weighting approaches ((Breen et al., 2019)).  ECA approaches consist of a single main function and the rest of 
objectives are formulated as constraints. In contrast, weighting approaches formulate the objective function by mixing the 
single objective functions using weighted factors. The ECA method is particularly useful to solving the multi-objective system 
expansion problem. The process of exploring the entire feasible region can be a difficult task. Therefore, the use of the payoff 
table formed from the solution of the individual problems will be adopted. The performance level of the method depends on 
the range of values to evaluate each single objective. In addition, the lexicographic technique will be applied to reach the 
solutions. With this technique, the preferences for solving are strengthened by ordering the objective functions based on their 
position or implication, better than if weights are associated (Arora, 2012). 
 
Considering the above statements, the ECA method is chosen to solve the problem of the present work. A complete description 
of the method can be found in (Mavrotas, 2009). The best values are easily achievable by considering the optimum of simple 
optimization. The formulation of the ECA method is presented as follows (based on (Osorio Muriel et al., 2014)). The formu-
lation presented in (10) represents an objective function formed by the first objective function 𝑓 (𝑠), and the remaining ob-
jective functions are represented as constraints affected by an epsilon value. Where 𝑠 the set of possible solutions and FR is 
the feasible region of solutions. 

 
 min 𝑓(𝑠) = 𝑓 (𝑠)  s.t.  𝑓 (𝑠) ≥ 𝜀   𝑓 (𝑠) ≥ 𝜀   𝑠 ∈ 𝐹𝑅 (10) 
 

Within the ECA methods, lexicographic optimization is applied (Zykina, 2004). It constitutes a sequence of objective func-
tions that optimize the first objective function, then, the second objective function, and so on. Lexicographic optimization can 
be summarized as follows: 
 
- The first objective function (main objective) is optimized and 𝑧∗ is obtained. 
- The second objective function is optimized while including the constraint 𝑓 = 𝑧∗ in the formulation and 𝑧∗ is obtained.  
- When the third simple objective function is optimized, the constraints 𝑓 = 𝑧∗ and 𝑓 = 𝑧∗ are considered.  

The processes are repeated until all the objective functions are optimized. 
 

3. Case of study 
 
The Argentine Electric System or simply SADI (Sistema Argentino de Interconexión) is formed by nine electric regions: 
Buenos Aires (BAS), Centro (CEN), Comahue (COM), Cuyo (CUY), Litoral (LIT), Gran Buenos Aires (GBA), Northeast 
(NEA), Northwest (NOA) and Patagonia (PAT). More than half of the electricity demand belongs to Buenos Aires and Greater 
Buenos Aires. The matrix of energy generation sources is composed of fossil fuels (60.2%), hydroelectric energy (22.9%), 
nuclear generation (8.1%), and the rest of renewables (8.8%). The fossil fuel matrix is dominated by natural gas (89.8%), 
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diesel (5.5%), fuel oil (3.0%), and coal (1.7%). Within the renewable matrix are wind (73%), photovoltaic (10.7%), hydroe-
lectric < 50 MW (9.7%), biomass (4.4%), and biogas (2.2%). Fig. 2 shows the single-line diagram of the SADI with the 500 
kV transmission grid.  
 

 
Fig. 2. SADI one-line diagram with the 500 kV transmission grid 

 
 
The SADI is organized based on the interactions among Generation Companies (GENCOs), Transmission Company 
(TRANSCO), Distribution Companies (DISCOs), and the Independent System Operator (ISO). Each of the nine regions ad-
mits only one DISCO (a regulated monopoly). In relation to power transmission, there is only one TRANSCO (TRANSENER) 
that operates more than 10,000 km of 500 kV lines. Argentina is highly dependent on fossil fuels for energy consumption and 
generation. In addition, there is a lack of ability to compensate for the demand for electricity, especially in times of high 
consumption. This can lead to major failures of power grids. There are several types of energy storage systems. However, 
pumped storage systems are the type with the largest global capacity. In 2017, the global installed capacity of pumped storage 
capacity is about 153 GW. There are over 400 pumped storage power plants in operation (or under construction) in the world. 
Regarding the operation of these plants in Argentina, in (Gonzalo Alvarez, 2020b) a mathematical model is developed that 
considers a larger number of breakpoints for the representation of the operating curves of these units. The paper also considers 
as a case study the two pumping plants in Argentina (Los Reyunos and Rio Grande). These plants are also considered in this 
case study. 
 
The current status of the SADI has been discussed in (Gonzalo Alvarez, 2020a). The main challenges and current problems 
are: 
 
- The impact that an increase in tariffs has on an important part of the population. These are the main source of financing the 
system's infrastructure (and expansion). Therefore, the limit between the users' contributive capacity and the quality of the 
system is very complex. 
- It is necessary to diversify the energy matrix in order to avoid excessive reliance on fossil fuels. The new generating tech-
nologies may be strategic due to the availability of several natural sources in the country. 
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- Only 29% of the bill paid by the consumer corresponds to the DISCO (called VAD) which is used to pay salaries, mainte-
nance, investment, etc. Around 41% of the bill corresponds to the payment to the wholesale makers and the remaining 30% 
are direct taxes. The total taxes of the service represent 46% of the total bill. 
- With the supposed future scenario (inflationary expectations for 2021 between 35% and 50%), conversations regarding tariff 
updates have begun. 
- It will be difficult for companies, consumers, and the State to support the high inflationary variations. On the one hand, 
distribution and generation companies have cost increases without transferring these variations to consumers. Besides, con-
sumers will have to face higher tariffs without having increased salaries. And if the freezing tariffs continue and the origin of 
the problem is not directly attacked, the State will have to continue to maintain the subsidy policy increasing the deficit. 
 
The information on SADI implemented in this work is based on (Gonzalo Alvarez, 2020a).  Regarding CO2 emissions, the 
data used are based on the report presented in (Krey V., 2014). The report presents emission values for different electricity 
supply technologies (in gCO2eq/kWh). It considers not only direct emissions, but also infrastructure and supply chain emis-
sions, and other factors such as biogenic CO2 emissions. Information regarding the number of users in the country are the 
following (based on (Secretaría de Energía de la República Argentina, 2021)): 13,382,765 residential, 1,518,956 commercial, 
201,128 industrial, 401,287 in the "other" category. 
 
Regarding the investments, there are two predominant factors to be taken into account: the timeliness of data and the influence 
of regional factors. The most up-to-date information on investment costs is important because new technologies are reducing 
their manufacturing cost. For example, the investment cost of photovoltaic technology has decreased over the last 10 years. 
The distinction between regions is necessary because the costs could be different between regions. For instance, the North 
American region costs are lower than the Latin American region. Based on the above, the investment costs included in this 
work can be found in (Comisión Nacional de Energía, 2020). This report is recent and is developed by a Latin American 
country neighboring the case study, which shares many economic and geographical factors with Argentina. 

 
4. Results 
 
The model is solved using the GAMS software (Bussieck & Meeraus, 2004), with the linear solver Gurobi, on a Pavilion DV-
7 notebook with AMD A6-3400M APU processor and 8 GB of RAM. The programming horizon is one year, with a period 
of one day. To obtain the payoff table (necessary to start the multi-objective optimization) the objective functions described 
in Sections 2.1, 2.1, and 2.1 are minimized individually (relaxing the variables belonging to the other objectives). As the 
investment costs are considered the core of this work, the objective function (1) will be considered as 𝑓 , the objective 
function (4) will be set as 𝑓 , while the objective function (5) is the function 𝑓 , as described in the formulation of (10). 
 
A 30% increase in demand is assumed, which represents an increase in demand as estimated for the next 10 years in the 
system. The model solved is composed of 132,233 simple equations, 144,632 continuous variables, and 21,170 binary varia-
bles. Moreover, each iteration is solved in about 19.2 seconds. Fig. 3 shows the resolution of the problem from three points 
of view for 10 possible solutions. The horizontal axis of the graph shows the annual CO2 emissions that would be produced 
by the future power system. In turn, the vertical axis shows the investments required to install the generating park (it means 
installing the new plants).  A first hypothesis that can be made, based on the figure, indicates that as lower emissions are 
required, the installation cost increases considerably. 

 
Fig. 3. Profile of the sources of investment required for system expansion 
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In addition, the figure shows the profile of the investments required by each of the types of inverters that exist in this problem, 
according to the constraints (7-9). The limits for each type of inverter are as follows: 𝑖𝑣 = 1,500 USD, 𝑖𝑣   = 25,000 
USD, 𝑖𝑣  = 500,000 USD, 𝑖𝑣  = 2,500 USD, 𝑖𝑣  = 165 billion USD, and 𝑖𝑣  = 85 billion USD. It should be re-
membered that in the case of  𝑖𝑣 , 𝑖𝑣 , 𝑖𝑣 , 𝑖𝑣 , to obtain the total contribution shown in the figure one must multiply the 
individual contribution of each user by the total number of users. The figure shows the possible results for 10 configurations. 
Solutions are ordered in the figure from the one that generates the least annual emissions (27,000 tons of CO2) to the one that 
generates the most annual emissions (36,000 tons of CO2). These are the emissions of the whole generating park. The recom-
mended solution is the one with an annual emissions value of 31,000 tons of CO2. This recommendation is based on the 
configuration of contributions that it presents. For the social details described in Section 2.2, a solution where residential users 
do not have to directly finance the expansion of the system is of interest (given the current economic problems prevailing in 
the country). The current economic situation already has many difficulties, in terms of how the majority of the population has 
to face the current costs of the system (without considering expansion). The generation profile for the recommended solution 
is shown in Fig. 4. This profile distinguishes the type of technology used, and also distinguishes between units that are already 
operating and those that would be installed in the recommended solution (for these units the word "ext." is added in the 
references in the figure). The average daily generation of the technologies already installed is composed as follows: nuclear 
42.12 GWh, hydroelectric 228.6 GWh, non-natural gas thermal 0, natural gas thermal 139 GWh, wind 0.52 GWh, and solar 
PV 4.58 GWh. In addition, the generation with the assumed future units consists of nuclear 12.4 GWh, hydro 35.3 GWh, wind 
0.65 GWh, and solar PV 4.68 GWh. 
 

 
Fig. 4. Generation profile for the recommended solution 

 
Regarding the electricity transmission under the new configuration, Fig. 5 shows a transmission profile for six of the main 
lines of the 500 kV system. As can be seen, the current configuration of the Argentine System can support the increase of 
transmitted flows for future demand. This is because the transmission system has been constantly expanded in recent years. 
Lines L2 and L6 handle power peaks of more than 8000 MW per day (during certain periods of the year, as shown in the 
figure). 

 
Fig. 5. Transmission profile for the recommended solution 
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5. Conclusions 
 
This paper introduces a new multi-objective approach that helps with investment decisions for the expansion of electricity 
systems, in terms of considering more sustainable productions. The proposed model considers several aspects that are not 
often included in the literature, such as the different actors when investing in new generation technologies. One of the main 
differences with other proposals is that the present paper includes the most widespread generation sources in the world (not 
only renewable technologies). This means obtaining more realistic solutions. In several countries, investments in conventional 
fossil fuel technologies could be more convenient, due to the combination of several factors. This is the situation of the 
considered test case. The present formulation can offer as many possible solutions as preferred (considering the corresponding 
computational needed to solve more iterations). To prove the effectiveness of the proposed model, a real case is analyzed, 
which is the Argentine Electricity System (SADI). In this case, different system configurations are analyzed. The scenario 
studied considers an increase in demand forecast for the next 10 years, the recommended investment option implies a 14% 
reduction in emissions (compared with the feasible solution with the lowest value). This solution implies the installation of 
units from renewable sources but also traditional technologies (non-renewable). It is important to note that the model does not 
suggest the installation of wind and solar generators to large extent due to their costs (compared with cheaper sources such as 
natural gas or hydro). It is important to mention that this condition is a particular situation of the country, based on the costs 
and resources analyzed. The options chosen bring mutual benefits for all actors of the system: entities in charge of emissions 
control, investor groups, consumers of the system, and state participation. The model also analyzes real system operation 
situations, considering a predecessor model that schedules electricity generation and transmission throughout the country. 
This results in solutions closer to real situations, compared to other approaches. Furthermore, although this work is developed 
to analyze the energy situation in Argentina, it can be extended to the cases of other countries, due to the versatility of its 
formulation. 
 
References 
 
Alvarez, G. (2022). Integrated modeling of the peer-to-peer markets in the energy industry. International Journal of Industrial 

Engineering Computations, 13(1), 101–118. https://doi.org/10.5267/j.ijiec.2021.7.002 
Alvarez, Gonzalo. (2020a). Integrated scheduling from a diversity of sources applied to the Argentine electric power and 

natural gas systems. Computers & Chemical Engineering, 134, 106691.  
Alvarez, Gonzalo. (2020b). Operation of pumped storage hydropower plants through optimization for power systems. Energy, 

202, 117797. https://doi.org/10.1016/j.energy.2020.117797 
Aquila, G., de Queiroz, A. R., Balestrassi, P. P., Rotella Junior, P., Rocha, L. C. S., Pamplona, E. O., & Nakamura, W. T. 

(2020). Wind energy investments facing uncertainties in the Brazilian electricity spot market: A real options approach. 
Sustainable Energy Technologies and Assessments, 42, 100876. https://doi.org/10.1016/j.seta.2020.100876 

Arora, J. S. (2012). Multi-objective Optimum Design Concepts and Methods. In Introduction to Optimum Design (pp. 657–
679). Elsevier. https://doi.org/10.1016/B978-0-12-381375-6.00017-6 

Arze del Granado, F. J., Coady, D., & Gillingham, R. (2012). The Unequal Benefits of Fuel Subsidies: A Review of Evidence 
for Developing Countries. World Development, 40(11), 2234–2248. https://doi.org/10.1016/j.worlddev.2012.05.005 

Asociación Argentina del Presupuesto. (2015). Los subsidios energéticos en Argentina. https://web.iae.org.ar/wp-
content/uploads/2015/12/LOS-SUBSIDIOS-ENERG--TICOS-EN-ARGENTINA-RESUMEN-EJECUTIVO.pdf 

Azam, A., Rafiq, M., Shafique, M., Zhang, H., Ateeq, M., & Yuan, J. (2021). Analyzing the relationship between economic 
growth and electricity consumption from renewable and non-renewable sources: Fresh evidence from newly industrialized 
countries. Sustainable Energy Technologies and Assessments, 44, 100991. https://doi.org/10.1016/j.seta.2021.100991 

Azpiazu, D., Forcinito, K., & Schorr, M. (2001). Privatizaciones en la Argentina: renegociación permanente, consolidación 
de privilegios, ganancias extraordinarias y captura institucional. In Área Economía y Tecnología (p. 69). FLACSO. 
http://economia.flacso.org.ar/pdf/202.pdf 

Bøckman, T., Fleten, S.-E., Juliussen, E., Langhammer, H. J., & Revdal, I. (2008). Investment timing and optimal capacity 
choice for small hydropower projects. European Journal of Operational Research, 190(1), 255–267. 
https://doi.org/10.1016/j.ejor.2007.05.044 

Boomsma, T. K., Meade, N., & Fleten, S.-E. (2012). Renewable energy investments under different support schemes: A real 
options approach. European Journal of Operational Research, 220(1), 225–237. 
https://doi.org/10.1016/j.ejor.2012.01.017 

Breen, M., Murphy, M. D., & Upton, J. (2019). Development of a dairy multi-objective optimization (DAIRYMOO) method 
for economic and environmental optimization of dairy farms. Applied Energy, 242, 1697–1711. 
https://doi.org/10.1016/j.apenergy.2019.03.059 

Bussieck, M., & Meeraus, A. (2004). General algebraic modeling system (GAMS). Applied Optimization, 88, 137–158. 
https://doi.org/10.1007/978-1-4613-0215-5_8 

Castillo, D., & Szkolnik, M. (2019). Energía subsidiada vs. Tarifas liberadas. La disputa por los proyectos sociales, consumos, 
y derechos en la Argentina entre 2002 y 2019. In Observatorio de Economía Política de la Facultad de Ciencias Sociale. 
http://observatorioeconomiapolitica.sociales.uba.ar/wp-content/uploads/sites/251/2020/01/Subsidios-vs-tarifas-
liberadas.pdf 

Cayir Ervural, B., Evren, R., & Delen, D. (2018). A multi-objective decision-making approach for sustainable energy 



 

 340 

investment planning. Renewable Energy, 126, 387–402. https://doi.org/10.1016/j.renene.2018.03.051 
Chen, W., Chen, J., & Ma, Y. (2021). Renewable energy investment and carbon emissions under cap-and-trade mechanisms. 

Journal of Cleaner Production, 278, 123341. https://doi.org/10.1016/j.jclepro.2020.123341 
Comisión Nacional de Energía. (2020). Informe de costos de tecnologías de generación. https://www.cne.cl/wp-

content/uploads/2020/03/ICTG-Marzo-2020.pdf 
Esmaili, M., Amjady, N., & Shayanfar, H. A. (2011). Multi-objective congestion management by modified augmented ε-

constraint method. Applied Energy, 88(3), 755–766. https://doi.org/10.1016/j.apenergy.2010.09.014 
Fazlollahi, S., Mandel, P., Becker, G., & Maréchal, F. (2012). Methods for multi-objective investment and operating 

optimization of complex energy systems. Energy, 45(1), 12–22. https://doi.org/10.1016/j.energy.2012.02.046 
Groisman, F. (2012). Salario mínimo y empleo en Argentina. REV. DE ECONOMÍA POLÍTICA DE BS. AS, 11, 9–47. 

http://157.92.136.232/index.php/REPBA/article/view/407 
Guzowski, C. (2011). Tarifa Social: En los sectores de infraestructura en la Argentina. Estudios Economicos, 28(56). 

http://bibliotecadigital.uns.edu.ar/scielo.php?script=sci_arttext&pid=S2525-12952011001100004&lng=en&nrm=iso 
Heinen, S., Burke, D., & O’Malley, M. (2016). Electricity, gas, heat integration via residential hybrid heating technologies – 

An investment model assessment. Energy, 109, 906–919. https://doi.org/10.1016/j.energy.2016.04.126 
Ji, X., Li, G., & Wang, Z. (2017). Allocation of emission permits for China’s power plants: A systemic Pareto optimal method. 

Applied Energy. https://doi.org/10.1016/j.apenergy.2017.07.033 
Krey V., O. et al. (2014). Annex II: Metrics & Methodology. In: Climate Change 2014: Mitigation of Climate Change. 

Contribution of Working Group III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 
https://www.ipcc.ch/site/assets/uploads/2018/02/ipcc_wg3_ar5_annex-iii.pdf#page=7 

Lin, B., & Wesseh, P. K. (2013). Valuing Chinese feed-in tariffs program for solar power generation: A real options analysis. 
Renewable and Sustainable Energy Reviews, 28, 474–482. https://doi.org/10.1016/j.rser.2013.08.043 

Lopetegui, G. (2019). Energía en Argentina y sus perspectivas. 
https://ucema.edu.ar/conferencias/download/2019/08.14ER.pdf 

Martínez, P., & Eliceche, A. M. (2009). Multi Objective Optimization Using Life Cycle Environmental Impact and Cost in 
the Operation of Utility Plants (pp. 1869–1874). https://doi.org/10.1016/S1570-7946(09)70702-3 

Mavrotas, G. (2009). Effective implementation of the ε-constraint method in Multi-Objective Mathematical Programming 
problems. Applied Mathematics and Computation, 213(2), 455–465. https://doi.org/10.1016/j.amc.2009.03.037 

Nugent, D., & Sovacool, B. K. (2014). Assessing the lifecycle greenhouse gas emissions from solar PV and wind energy: A 
critical meta-survey. Energy Policy, 65, 229–244. https://doi.org/10.1016/j.enpol.2013.10.048 

Osorio Muriel, A. F., Brailsford, S., & Smith, H. (2014). A bi-objective optimization model for technology selection and 
donor’s assignment in the blood supply chain. Sistemas y Telemática, 12(30), 9. https://doi.org/10.18046/syt.v12i30.1854 

Overbye, T. J., Cheng, X., & Sun, Y. (2004). A comparison of the AC and DC power flow models for LMP calculations. 
Proceedings of the 37th Annual Hawaii International Conference on System Sciences, 9. 
https://doi.org/10.1109/HICSS.2004.1265164 

Pereira, L., & Posen, I. D. (2020). Lifecycle greenhouse gas emissions from electricity in the province of Ontario at different 
temporal resolutions. Journal of Cleaner Production, 270, 122514. https://doi.org/10.1016/j.jclepro.2020.122514 

Rabobank. (2013). The Argentine Crisis 2001/2002. In Rabobank - Economic Report. 
Rasanen, T. A., Varis, O., Scherer, L., & Kummu, M. (2018). Greenhouse gas emissions of hydropower in the Mekong River 

Basin. Environmental Research Letters. https://doi.org/10.1088/1748-9326/aaa817 
Reinhart, Carmen and Savastano, M. (2003). The Realities of Modern Hyperinflation. Finance and Development, 40(2), 20–

23. https://mpra.ub.uni-muenchen.de/id/eprint/7578 
Secretaría de Energía de la República Argentina. (2021). Distribución de Energía Eléctrica Facturada y Cantidad de Usuarios 

por tipo y por jurisdicción provincial. http://www.energia.gov.ar/contenidos/verpagina.php?idpagina=4021 
Sovacool, B. K. (2008). Valuing the greenhouse gas emissions from nuclear power: A critical survey. Energy Policy, 36(8), 

2950–2963. https://doi.org/10.1016/j.enpol.2008.04.017 
Stott, B., Jardim, J., & Alsac, O. (2009). DC Power Flow Revisited. IEEE Transactions on Power Systems, 24(3), 1290–1300. 

https://doi.org/10.1109/TPWRS.2009.2021235 
Weisser, D. (2007). A guide to life-cycle greenhouse gas (GHG) emissions from electric supply technologies. Energy, 32(9), 

1543–1559. https://doi.org/10.1016/j.energy.2007.01.008 
Yang, M., Blyth, W., Bradley, R., Bunn, D., Clarke, C., & Wilson, T. (2008). Evaluating the power investment options with 

uncertainty in climate policy. Energy Economics, 30(4), 1933–1950. https://doi.org/10.1016/j.eneco.2007.06.004 
Zhang, M., Zhou, P., & Zhou, D. (2016). A real options model for renewable energy investment with application to solar 

photovoltaic power generation in China. Energy Economics, 59, 213–226. https://doi.org/10.1016/j.eneco.2016.07.028 
Zykina, A. V. (2004). A Lexicographic Optimization Algorithm. Automation and Remote Control, 65(3), 363–368.  
 

           

 

 
© 2022 by the authors; licensee Growing Science, Canada. This is an open access article distrib-
uted under the terms and conditions of the Creative Commons Attribution (CC-BY) license 
(http://creativecommons.org/licenses/by/4.0/). 

 


