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Abstract
Paraguay’s power system is based entirely on hydropower. It serves as the largest 
net electricity exporter in Latin America. Nonetheless, the country´s electricity con-
sumption per capita is one of the lowest in the world and the transmission and dis-
tribution network has one of the highest losses in Latin America. This paper pre-
sents an electricity expansion investment outlook (2018–2040) for Paraguay using 
OSeMOSYS, analyzing three electricity demand scenarios under different electric-
ity export prices to Brazil. The study identifies the least-cost power generation mix, 
future investments and the financial requirements to meet the needs of different 
demand scenarios. We find that Paraguay will need to invest in hydropower plants, 
by mainly expanding the capacity of Yacyreta to cover its electricity needs and sus-
tain national electricity exports levels. In the High demand scenario, where the elec-
tricity demand could approximately double by 2040, the country’s overall electricity 
exports decrease by 50% compared to the Reference scenario. Based on the differ-
ent scenarios examined, the government spends approximately 18.3–31.2 billion 
USD on power plant investments for the period 2018–2040 to cover future electric-
ity demand. The findings could be useful in supporting decision-making concerning 
socio-economic development pathways in the country.
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1 Introduction

Access to modern energy services is essential for economic growth and human 
development [1,2]. The importance of energy for Paraguay is reflected in the 
government’s ambitions to meet core goals in their national energy plans such as 
energy security, energy equity and environmental sustainability [3,4].

This study focuses on pathways for the development of the national electric-
ity system of Paraguay. Concerning electricity production, the country has cer-
tain unique features. It is the country with the highest percentage of renewable 
energy per capita in the world, the largest net electricity exporter in South Amer-
ica (85% of all electricity generated is exported) and one of the largest net elec-
tricity exporters in the world [5,6]. Its domestic primary energy supply is based 
on hydropower (67%) and biomass (33%) [5]. Electricity production is almost 
entirely (99.7%) from hydropower, primarily from two large hydro projects, on 
Yacyreta (3.2 GW) and Itaipu (14 GW) dams [5]. These power plants are co-
owned (50% shared installed capacity) between Argentina and Brazil, respec-
tively. Despite this, 75% of the total electricity produced (55,282 GWh, [5]) in 
Paraguay from these plants is exported to the same two countries. The electricity 
imports from Itaipu constitute approximately one-fifth of Brazil’s final electricity 
consumption [7]. The two hydropower plants have a significant contribution to 
the country’s economy, owing to their size as well as the scale of electricity trade 
between the nations.

The paradox is that Paraguay has one of the lowest electricity consumption 
per capita values in South America, almost 1563 kWh in 2014 (2nd lowest after 
Bolivia). The energy service satisfaction level is very low and one-third of the 
population lives in extreme poverty [8]. The very low electricity tariffs and the 
high losses in the transmission (4%) and distribution (17%) network of the coun-
try make it difficult to increase access due to the poor financial returns, exacer-
bated by the inefficiency of the transmission and distribution system. Neverthe-
less, the national electric power distributor ANDE aims to improve the efficiency 
of the local grid for the period 2016–2025 [7]. Another challenge is the uncer-
tainty of the electricity export prices in the coming years and the domestic rev-
enues generated by those as the power purchase agreement for electricity exports 
for one of the two projects is due for renegotiation in 2023. Explicitly, Annex 
C of the Itaipu treaty specifies the electricity export price (45.2 USD/MWh) 
between Paraguay and Brazil. Brazil pays to Itaipu Binacional, the cost of pro-
ducing the electricity and a compensation rate of about 9 USD/MWh to Paraguay 
for using the part of the Paraguayan share of the electricity produced [9],10. The 
electricity generated by Itaipu belongs equally to Paraguay and Brazil. Since Par-
aguay cannot use all the energy that is entitled to, by treaty, it must cede what it 
does not use to Brazil, which pays Paraguay a fixed cession rate in addition to the 
generation cost. The Annex C was signed in April 1973 and will be renegotiated 
in 2023. The result of the negotiations will affect the country´s future economic 
and social development. One of this paper’s objectives is to model aspects of this 
electricity export price uncertainty and assess its impact on all the other energy 
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decision-making needed to meet the domestic electricity demands (under differ-
ent scenarios) until 2040. The three demand scenarios based on different electric-
ity growth (Reference, Medium, High) for the analyses have been selected given 
the dynamic nature of a developing economy like Paraguay’s.

Paraguay faces particular other challenges related to its overall energy con-
sumption. The country doesn´t have any domestic fossil fuel reserves and relies 
entirely on imports for the different sectors (e.g., the transport sector) [7]. Also, 
for residential energy use, the consumption of traditional biomass is significantly 
high, a contributing cause to deforestation [5].

Long-term energy modeling and tools can explore dynamics and associated 
risks in undertaking large-long term investments in the power sector (e.g., use of 
energy reserves, affordability, energy security, finances, capacity investments) to 
meet a nation´s domestic growing demand in the future. There are various mode-
ling tools for energy planning [11–16]. Two wide-spread modeling approaches are 
also categorized in top-down and bottom-up, and there are existing studies that 
integrate those two modeling approaches [17–24]. The top-down models focus on 
the broader economy and the macro-economic relationship of the system´s com-
ponents with the energy sector and incorporate feedback effects between different 
markets, considering changes in prices and incomes. The bottom-up models focus 
primarily on the energy system (e.g., energy supply processes, conversion tech-
nologies, end-use demand patterns) and are technology-specific, framing around 
mathematical programming problems. They do not account for price distortion or 
economy-wide interactions and income effects [25],26.

To address the challenges mentioned above, this study focuses primarily on 
Paraguay’s electricity supply system. It provides insights for strategic planning by 
producing cost-optimal development pathways for the electricity system. Under 
different electricity demand scenarios, it provides a cost-optimal power genera-
tion mix to meet plausible future local/regional electricity demands. Identifying 
a cost-optimal generation mix, may help Paraguay address the question of how to 
better use its hydropower electricity for the country´s socio-economic develop-
ment. Analyzing the implications of the demand risk for the government of Para-
guay and Itaipu dam under the different demand and electricity export prices sce-
narios is essential for long term energy planning. As the Itaipu debt is expected to 
be paid by 2023, the future development of the electricity export price of Itaipu 
will affect the balance of electricity exports to other countries and the total rev-
enues for the government would be beneficial to be examined. The study uses 
an open-source cost-optimization tool for medium to long-term energy planning 
(OSeMOSYS).

The paper is organized as follows. In Sects. 1.1 and 1.2, there is a brief intro-
duction to the country´s economic context and its energy-related issues and poli-
cies and later a literature review on decision analysis and energy planning for 
reforming national policies. The methodology of the model development and 
the different demand scenarios analyzed are presented in Sect. 2. In Sect. 3, the 
results are investigated and discussed, and in Sect. 4, the conclusions and policy 
implications of this study are presented.
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1.1  Country background and energy issues

Paraguay is a land-locked country located in South America. It shares a border to 
the east with Brazil, to the south-west with Argentina and to the north with Bolivia.

The economy of Paraguay has experienced a steady growth with an average GDP 
growth rate of 5% for the period 2010–2017 [8]. Nevertheless, it is still the sec-
ond poorest nation in South America after Bolivia [8]. The service sector represents 
most of the country´s economy, 48% of the GDP in 2018. Table 1 presents the pro-
file of the country.

The total primary energy supply of Paraguay was 295 PJ in 2017, with hydro con-
stituting around 20%, biofuels and waste 44%, oil products 36% and coal less than 1%. 
In that year, electricity exports accounted for approximately 53% of the country´s total 
energy supply, presenting an average annual increase of 1% the period 2010–2017, 
while the charcoal exports around 1%. During that period, the domestic electricity 
supply increased with an average growth rate of 6% while the share of the electricity 
exports out of the domestic electricity supply decreased with an average rate of 5%. 
Paraguay´s imports were 105 PJ in 2017, of which the oil product’s share was 99.96% 
and charcoal´s share 0.04%. The total final consumption was 266 PJ in 2017 with the 
transport sector to account for most of it (40%), followed by the residential (28%), 
industrial (25%) and commercial and other (7%) sectors. In the transport sector, the 
country has started using biofuels with E25 as a blending mix for bio-ethanol and 1% 
for biodiesel to decrease fossil fuel emissions by 20% by 2030 [5,27,28].

The total installed capacity of the country was 8844  MW in 2017, with hydro 
constituting the majority (99.7%). The electricity system of Paraguay is mainly pow-
ered by two binational (Itaipu, Yacyreta) and one national (Rio Acaray) hydropower 
plant. The Parana River, located in the Southeastern area of the country, is responsi-
ble for most of this hydroelectric generation potential. The Itaipu Binacional hydroe-
lectric dam is the 2nd largest operational hydroelectric energy producer in the world 
and a cornerstone of the country´s energy system [29]. The guaranteed electricity 
production in Itaipu is 75 million MWh, but the average production is around 90 
million MWh. According to the Itaipu Annual report, the production exceeds the 

Table 1  Country profile

Capital Asunción
Region South America
Surface area (sq. km) 406,752
Population (mil.) 6.956 (2018)
Population—capital (mil.) 3.222 (2018)
Population density (people per sq.km) 17.5 (2018)
Urban population (% of the total) 61.6%
Population—Annual growth rate 1.3%
GDP per capita (current US$) 5,822 (2018)
GDP growth (annual %) 3.7% (2018)
Electrification rate (% of population) 99.3% (2017)
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nominal capacity of generating units mainly because of its operation and mainte-
nance care. In 2019, one of the driest years since the beginning of the operation, 
Itaipu produced a total of 79,444,510 MWh. In 2016, the production reached a total 
of 103,098,366 MWh, a new world record in the annual generation. Its previous 
record was reached in 2013, with 98,630,035 MWh [30].

The participation of Itaipu electricity in the Paraguayan market has been 
increased from 73% in 2012 to almost 90% in 2019. This gradual increase empha-
sizes the importance of Itaipu´s electricity supply to the Paraguayan electricity mar-
ket. However, Itaipu´s supply in the Brazilian market has been decreasing through-
out the years due to the rise of the Brazilian demand and the increase in the use of 
Paraguayan electricity [30].

The large and continuous flow of the Parana River, and the good maintenance 
and operation records of the enterprise, makes it possible for Itaipu to supply over 
10% of the Brazilian electricity demand and 80% of the Paraguayan demand all 
year round. The decrease in generation during the winter months corresponds to the 
decline in demand [30].

The hydropower production is reflected in the very low electricity tariffs in the 
country (0.054–0.076 USD/kWh) [31]. The total electricity demand was 11,560 
GWh in 2017. The residential sector was the primary electricity consumer (43%), 
followed by commercial and public services (37%), and industry (20%) one [8].

Despite Paraguay having an available hydroelectric surplus and an estimated 
hydropower potential of 56 GW the western region of Paraguay often has difficulty 
in accessing electricity due to the geographical location of the electricity generating 
plants in this part of the country [32]. The population in this region must burn fossil 
fuels, or look for other ways, to satisfy the demand for electricity despite the avail-
ability of solar and wind energy potential [33, 34]. The country could also invest in 
renewable energy sources other than hydropower. However, several times through-
out the year, solar and wind energy is limited, so the population in this region must 
proceed to the burning of petroleum derivatives, or other sources, which leads to the 
emission of  CO2. This issue, along with indoor air pollution, often prevents improv-
ing the quality of life of society in that area of the country.

Furthermore, the solar and wind energy potential could be used as alternatives 
technologies for electricity exports to other countries [6,17,32]. However, the main 
challenge is sourcing foreign investment, given the low financial returns (low regu-
lated electricity tariffs).

1.2  Large hydropower projects as the backbone of energy systems

Investments in large hydropower projects are associated with socio-economic 
impacts and environmental benefits and risks [35–37]. Investing in large hydropower 
projects for regional development through cross-border electricity interconnection 
projects can offer opportunities as well as risks. A risk associated with undertaking 
large long-term investments in the country´s energy policy plan is the implication of 
sudden shifts to other potential technologies to meet the country´s domestic growing 
demand in the future.
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Yet, much is to be gained from the exploitation of hydropower. In the case of 
Paraguay, countries relying on large hydropower projects face particular vulner-
abilities concerning energy security, socio-economic development and geopoliti-
cal relationships (Itaipu Treaty, [9]). In the case of Brazil, the country generates 
around 80% of its electricity from hydropower (83 GW) [5] and, in its energy 
expansion plan for 2011–2020, planned to increase this capacity by around 20 
GW, investing in 30 additional large dams in the Legal Amazon region. However, 
several of those plants will be financed and built by Brazil in Peru, Bolivia, Ecua-
dor and Guyana without taking into consideration environmental (water availabil-
ity in river basins) and social impact in the Amazonia region [38].

In Paraguay, the main source of electricity has been and will continue to be 
that of hydropower. Besides, there is potential that has not been exploited yet with 
Argentina [39]. Indeed, the hydroelectric energy generated by Itaipu, the part cor-
responding to Paraguay, could be used to promote national development but from 
a different approach than the traditional one [40]. The energy transition is being 
promoted to replace oil derivatives with renewable resources.

Quantitative studies using optimization modeling have been used to investigate 
the issues above (socio-economic viability, environmental concerns) for energy 
development and provide insights for long-term planning, electricity trades 
and policy implications [14]. One of those is the South America Model Base 
(SAMBA) developed in OSeMOSYS [41]. The analysis examined the transforma-
tion of the overall generation mix in the continent under different electricity trade 
scenarios taking into consideration strategic large hydropower plants. Also, the 
study highlighted the cross-border potential electricity trade that Bolivia could 
have with neighboring countries by investing in large hydropower power plants 
[42]. The analysis above does not include the annual revenues from the respective 
countries’ electricity exports, which could be used by each government to finance 
the upcoming power plant projects. Also, the SAMBA model could be soft-linked 
with a project finance input–output model to estimate the potential annual pay-
ments for each government from electricity exports of a specific hydroelectric 
power plant. Both of those concepts are analyzed in our study. A continental elec-
tricity trading scheme such as the SAMBA one could complement our research 
to identify electricity trades with other countries except for the ones to Argen-
tina and Brazil. Moreover, in our study, the SAMBA study’s techno-economic 
assumptions for Paraguay and the list of power plants considered are updated 
with the latest ones.

Another study investigated the local socio-economic impacts (GDP, public rev-
enues) of large hydropower plant development in a developing country (Brazil as a 
case study) using an econometric approach [43]. Based on this research, the country 
will boost its economy in the short-term during the construction of the hydropower 
plants. However, in the long-term, the effect will be low, with little to no improve-
ment in socio-economic conditions. Besides, investing in small hydropower plants 
was reported to have a more favorable local impact than larger plants, especially for 
agricultural GDP. This paper focuses only on the local effects of site construction 
and does not evaluate the overall effects of the electricity transmitted to other parts 
of the Brazilian economy [43]. A similar study could be conducted for Paraguay, 
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which is missing from the current literature and linked with our research outcomes, 
specifically the future identified hydropower plants and the transmitted electricity.

Another study applied a Multi-Criteria Decision Analysis based on the Analytic 
Hierarchy Process considering four policy options for Paraguay to investigate the 
most promising ones from economic, technical, political, social and environmental 
points of view [44]. An outcome of this study was that the most promising policy 
options to affect the society of Paraguay positively are the establishment of small 
industries and allow for high electro-intensive industry penetration levels. Also, 
since the power system of the country is mainly based on the two-large binational 
hydropower plants (Yacyreta, Itaipu), it makes it difficult for the state to diversify 
its power generation mix at the future. However, this study only focused on which 
policy option could be the most favorable one to exploit the excess electricity to 
Brazil. As in our research, a cost-optimization modeling approach was used to iden-
tify any potential cost-optimal future implementation of new power plants and how, 
through different electricity export regimes, the generation from Itaipu could shift 
to either cover domestic electricity demand or increase electricity exports. An inte-
grated study of those two could better understand the most promising policy option 
considering the specific annual levels of surplus electricity among a framework of 
scenarios with changes in electricity demand and export prices.

The study on learning lessons from Paraguay’s productive hydropower system 
proposed that the country should invest in high consuming energy industries instead 
of electricity exports [45]. In our analysis, we identify by using a cost-optimiza-
tion energy systems modelling framework the trade-off between electricity exports 
and different electricity demand projections and indicate the annual revenues which 
could be used for different purposes based on governments policy plans (e.g. invest 
in high consuming energy industries). In that way, in the high electricity demand 
scenario (HED) that considers the penetration of high electro-intensive industries 
in the country the government can identify the financial and technical-power gen-
eration capacity implications on its future energy transition. Annex C of the Itaipu 
treaty will be revised in 2023. A study investigated different scenarios related to 
electricity export prices between Paraguay and Brazil and how those will affect the 
country´s social and economic conditions [46]. However, in that study, a bottom-up 
simulation tool for Long-range Energy Alternatives Planning system (LEAP) was 
used, a version of the tool that is not suitable for financial planning and to identify 
least-cost policy solutions since is based on demand-driven [47]. The novelty in our 
analysis is that we applied a cost-optimization tool (OSeMOSYS) [48,49] for long-
term energy planning to identify the cost-optimal power generation mix and con-
sidered different scenarios related to electricity export prices between Paraguay and 
Brazil and different electricity demand scenarios to provide a broader understanding 
of the energy transition.

Among others, a study analyzed the economic, social and environmental 
impact, which involves reducing the export of hydroelectric energy and influences 
the need for industrialization in the country, identifying which are the most com-
plex productive sectors according to the theory product space [50]. In this study, 
the social criterion taken into account corresponds to the number of jobs that 
could be generated with the implementation of the selected industry. However, 
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for the environmental criterion, the greenhouse gas emission rate (CO2) was con-
sidered and for the economic criterion, the Revealed Comparative Advantage 
(VCR) index was considered. This is not considered in our analysis. Nevertheless, 
our study can complement the previous one by identifying the future installation 
of power plants and the associated job creation [51] and the drivers of the elec-
tricity demand (e.g., GDP). By identifying the products or sectors that present the 
most strengths and potential to increase the economic development of Paraguay 
[50], the government from our analysis could identify the accumulative revenues 
from electricity exports to Brazil and decide accordingly to use those to boost the 
economic growth of different sectors.

Another techno-economic analysis focused on providing recommendations for 
Paraguay on a high level hydro based sustainable development strategy with the fol-
lowing pillars: (1) institutional reform and technical improvements of the domestic 
electricity sector, (2) drafting an industrial strategy based on Paraguay´s compara-
tive advantages and reliable access to clean energy at competitive prices, (3) more 
favorable and fairer pricing on Itaipu´s sales to Brazil, (4) devising a plan to transi-
tion to a green economy and (5) ensuring that revenue collection and management 
systems are efficient to fund this strategy. This report primarily focuses on Para-
guay’s electricity sector and is conducted following a qualitative research method 
based on historical country data and planning strategies to reach conclusions. It can 
provide an overview of Paraguay’s most critical comparative advantages and the 
barriers holding back sustainable development [52]. One of those is the problems 
faced by the electricity sector outlined in the report (e.g. low cost of generation, 
the tariffs, significant reliability constraints with frequent outages, the relatively 
high transmission and distribution losses) and the lack of coordination due to insti-
tutions during the planning phase for future investments among the stakeholders. 
The authors also believe that Paraguay has not received a fair price for its exported 
electricity to Brazil. Our study considers those challenges in the electricity supply 
system as input parameters in the OSeMOSYS model (Sects. 2.1 and 2.2). It shows 
the government’s implications of different electricity demand scenarios and export 
prices to Brazil, following both a quantitative and qualitative approach to develop 
appropriate strategic energy planning.

Our study is a novel application since a similar analysis for Paraguay, using a 
cost-optimization modeling framework for long-term energy planning (OSe-
MOSYS) considering different electricity demand projections associated with elec-
tricity export prices to Brazil for the period 2018–2040, has not been conducted 
before. Furthermore, the modeling outputs and specifically the electricity exports 
from Itaipu to Brazil were soft-linked with an input–output project finance model to 
identify the annual revenues from electricity exports for each scenario missing from 
the current literature. The main topics analyzed in our work are the followings:

• Strategic energy planning using a cost-optimization modeling framework for 
long-term energy planning could help define cost-optimal future power plant 
investments to cover Paraguay´s future electricity needs.

• What are the implications for Paraguay´s national revenues and security of sup-
ply of different hydroelectric power export regimes?
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• Insights for Paraguay’s government on energy transition (e.g. capacity, genera-
tion mix, electricity exports) and comparing the government’s revenues by set-
ting specific electricity export prices to Brazil to boost the country´s economy.

• Analysis of trade-offs between electricity demand growth and export prices to 
Brazil.

2  Methodology

In this section, we describe the development of the electricity supply system model 
of Paraguay using the Open Source energy MOdelling SYstem (OSeMOSYS) 
[48] tool. We present the model structure, in terms of power generation technolo-
gies, resources, fuel prices, trade links, and electricity demands, as well as the key 
assumptions of the analysis. The methodology used in this study can be applied 
to any country and not only to Paraguay, in what refers to the development of the 
electricity systems model. This study is a novel application since a similar analysis 
for Paraguay has not been conducted before. The authors collected country-specific 
data related to the electricity supply system of Paraguay and processed it to be used 
as inputs to the OSeMOSYS model. The model outputs associated with the pro-
ject finance of Itaipu (e.g., electricity exports to Brazil from Itaipu) were used to 
define the annual revenues for the government of Paraguay and Itaipu. The scenarios 
explored in the analysis of the Paraguay electricity system are also described in this 
section of the paper.

2.1  OSeMOSYS

The Open Source energy MOdelling SYstem [48] tool is a dynamic, bottom-up, cost 
optimization tool for medium to long term energy planning. The tool is comparable 
to long-established energy systems models such as MARKAL/TIMES [53], MES-
SAGE [54], PRIMES [55], EFOM [56] and POLES [57]. It is one of the open-source 
tools featured by the OpTIMUS Community [58]. It has been used widely in aca-
demic teaching, capacity building for energy planners and in the scientific literature 
on developing national energy systems models for African [59] and South American 
[41] countries [49] as well as recently for Europe [60]. OSeMOSYS determines the 
least-cost mix of technologies and fuels, satisfying the defined energy demand under 
several technical (e.g., efficiency, availability, capacity), economic (e.g., operational, 
investment) and environmental (e.g., emissions) constraints. OSeMOSYS provides 
results associated with the supply of fuels, the capacity of each technology, the 
emissions, the operational and maintenance costs, the capital investments as well 
as prices of electricity. The model outcomes of this study can be provided yearly, 
indicating the future annual investments to cover the country´s electricity needs over 
the period 2018–2040. The model considers only the electricity supply system of the 
country.
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2.2  Model structure

The electricity supply system (Supplementary Fig. 3) in this study includes the fuel 
supply technologies, the power generation technologies, the transmission and dis-
tribution network as well as the end-users demand. Each of the technology groups 
is characterized by economic, technical and environmental parameters, which are 
defined by the user. The energy resource prices (Supplementary Table 3), the cur-
rent and future installed capacity as well as the techno-economic parameters for the 
power generation technologies are based on international and national estimates. The 
transmission and distribution losses (Supplementary Table 4), as well as the cross-
border electricity interconnection projects (Supplementary Table  5), are based on 
similar sources. The losses in the T&D network are assumed to decrease gradually 
throughout the modeling period in response to national policies. Existing and future 
energy policies of the country, such as efficiency improvements in the transmission 
and distribution network as well as future power plant investments, have been incor-
porated into the model by adding “constraints” [7]. The electricity demand is disag-
gregated into the following sectors: commercial, industrial and residential. The elec-
tricity demand projections in each one of the scenarios are based on the country´s 
socio-economic parameters. All parameters considered in the modeling framework 
are time-dependent.

2.3  Key assumptions

The following assumptions have been made for this analysis:

• The real discount rate is 4%.
• The monetary unit is USD.
• The timeframe of the model reported is from 2018 to 2040, with yearly basis 

simulations. The period 2040–2045 is added to prevent the “edge effects” as they 
are distorted by the model, considering that as the ‘end-of-time’.

• In order to capture the key features of electricity demand load pattern, each year 
has been divided into three seasons, winter (Apr.–Sept.), summer (Dec.–Feb.) 
and spring (March, Oct., Nov.), and each season in three-day types, namely 
“day”, “peak”, “night”.

• Existing/committed power plant projects were forced into the model solution. 
Those are identified as “OPR”: commercial operation, and as “CON”: under 
construction, physical site work is underway. After that the model may invest in 
any power plant, identified as a candidate for the system (status “PLN”) (Supple-
mentary Table 1).

• A reserve margin of 20% was considered in line with national policy [7].
• A constant electricity export price was assumed for electricity exports from Par-

aguay to Argentina, as this is the baseline against which the Itaipu treaty negotia-
tions are likely to be compared. Particular protocols of electricity exchange with 
neighboring countries considered [10].
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• The electricity export price of Itaipu consists of the sum of both the Paraguayan 
energy cession rate and Itaipu´s average electricity generation cost [10].

• No new future electricity trade flows are considered except the current ones [61].

This study was conducted following several capacity-building activities with 
local stakeholders and involved institutions in Asuncion, Paraguay, in 2017–2018 
[62]. This analysis indicated as fundamental for Paraguay´s electricity expansion 
plan by government officials. To do this study, a bottom-up open-source cost optimi-
zation model for medium to long term energy planning, such as OSeMOSYS, had to 
be considered.

2.4  Scenarios

The development of energy scenarios provide insights on plausible changes in the 
energy system to achieve certain energy, climate and environmental targets. The sce-
narios investigated in this study consider three different electricity demand projec-
tions by 2040 to define the investments needed to satisfy future electricity demand 
(Fig. 1). On top of that, for each one of the electricity demand trends above, differ-
ent electricity export price cases associated with the Itaipu plant were conducted. 
The objective of these scenarios are to assess the possible total profits for Paraguay 
under different electricity export prices of Itaipu. The scenarios take into account 
conservative possible outcomes to study for the upcoming negotiations of the Itaipu 
Treaty. As the debt contracted to construct the Itaipu dam will be paid off by 2023, 
Itaipu´s finances will significantly improve and the agreed electricity export price 
will affect Paraguay´s economy [10]. The analysis can provide an overview of 
the implications of the renegotiation of the Itaipu, Treaty (Annex C, [9]) in 2023, 

Fig. 1  Final electricity consumption per electricity demand scenarios (TWh)
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considering different electricity demand outcomes. A detailed breakdown of the 
electricity demand by sector and scenario for the period 2017–2040 is provided in 
Supplementary Fig.  1. The different electricity export prices studied in each sce-
nario for the period 2017–2040 are presented in Table 2. The characteristic features 
of the scenarios are described below (Table 3):

Modern tools for the energy scenario development provide a good basis for the 
estimates of the required changes in the energy system to achieve certain climate 
and environmental targets.

• Reference scenario (BAU) the evolution of the electricity demand is considered 
conservative, with an average growth rate of 3.1%. The projections are derived 
from the report “Elaboración de la prospectiva energética de la República de 
Paraguay 2013–2040” based on economic growth (GDP growth rate 3.04%) and 
the evolution of the population (growth rate of 1.21%) by 2040. The productive 
structure of the country remains at a similar level as the base year, with a high 
degree of dependence on the agricultural sector, preventing at some level the 
effect of climate variability. The industrial sector evolves as in previous years 
[63].

• Medium Electricity Demand scenario (MED) the average growth rate of the elec-
tricity demand is 5.38%. The population growth is similar to the base scenario, 
while the economic growth is higher (GDP growth rate 5.16%). The industrial 
sector increases its competitiveness in the country´s activity level. The projec-

Table 2  Summary of the scenarios

Changes to the cession rate of Itaipu, in the export price scenarios, are applied from 2023 onwards

Electricity demand scenarios

Reference Medium High
Average growth rate: 

3.1%
Average growth rate: 

5.38%
Average growth rate: 8.9% 

(2018–2025); 4.4% 
(2025–2040)

Export price cases
 ISC1
  Itaipu rate ⇔ ⇔ ⇔
  Cession rate ⇔ ⇔ ⇔

 ISC2
  Itaipu rate ⇓ 60% ⇓ 60% ⇓ 60%
  Cession rate ⇔ ⇔ ⇔

 ISC3
  Itaipu rate ⇓ 60% ⇓ 60% ⇓ 60%
  Cession rate ⇑ ⇑ ⇑

 ISC4
  Itaipu rate ⇓ 30% ⇓ 30% ⇓ 30%
  Cession rate ⇑ ⇑ ⇑
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tions are taken from the report “Elaboración de la prospectiva energética de la 
República de Paraguay 2013–2040” [63].

• High Electricity Demand scenario (HED) it is considered the penetration of high 
electro-intensive industries in the country. The average growth rate of the elec-
tricity demand is 8.9% until 2025 (high demand growth rate), considering a more 
aggressive evolution in the industrial sector and 4.4% for 2025–2040 (conserva-
tive growth rate). The projections are derived from the report “Plan Maestro de 
Generación; Periodo 2016–2025” [7].

• Itaipu—constant electricity export price (ISC.1) the electricity export price of 
Itaipu is maintained to create a fund to mainly be used to increase investments in 
the electricity sector as well as the electricity demand of the industrial sector.

• Itaipu—a decrease of 60% of the electricity export price (ISC.2) the average 
generation cost of Itaipu drops 60% to balance the accounts, because that is the 
amount that stands for the debt payments, which are finishing in 2023. The ces-
sion rate of Paraguayan electricity remains constant [10]. This change will ulti-
mately reward the country that consumes more power.

• Itaipu—an increase in the electricity export price (ISC.3) the average genera-
tion cost of Itaipu decreases by 60% to balance the accounts. The cession rate of 
Paraguayan electricity is augmented to compensate for the loss of the value of 
Paraguayan energy sold to Brazil due to the decrease of the Itaipu rate [10].

• Itaipu—an increase in the electricity export price (ISC.4) the average genera-
tion cost of Itaipu drops only 30% to create a fund to increase investments in the 
electricity sector as well as the electricity demand of the industrial sector. The 
cession rate of Paraguayan electricity is augmented to compensate for the lost 

Table 3  Electricity export price of Itaipu among the electricity demand scenarios the period 2017–2040 
[10]

Case 2017–2022 2023 2028 2033 2038 2040

ISC.1
 Average Itaipu rate (USD/MWh) 35.65 35.65 35.65 35.65 35.65 35.65
 Cession rate (USD/MWh) 9.579 9.579 9.579 9.579 9.579 9.579
 Total 45.23 45.23 45.23 45.23 45.23 45.23

ISC.2
 Average Itaipu rate (USD/MWh) 35.65 14.26 14.26 14.26 14.26 14.26
 Cession rate (USD/MWh) 9.579 9.579 9.579 9.579 9.579 9.579
 Total 45.23 23.84 23.84 23.84 23.84 23.84

ISC.3
 Average Itaipu rate (USD/MWh) 35.65 14.26 14.26 14.26 14.26 14.26
 Cession rate (USD/MWh) 9.579 41.85 33.55 34.59 35.77 36.36
 Total 45.23 56.11 47.81 48.85 50.03 50.62

ISC.4
 Average Itaipu rate (USD/MWh) 35.65 24.96 24.96 24.96 24.96 24.96
 Cession rate (USD/MWh) 9.579 25.71 21.56 22.09 22.67 22.97
 Total 45.23 50.67 46.52 47.04 47.63 47.92
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value of Paraguayan power sold to Brazil due to the Itaipu rate decrease. The 
30% decrease is an assumption in case the government decides to increase the 
cost again to compensate for the previous debt payments and choose to make an 
investment fund.

3  Results and discussion

3.1  Overview of the results of the reference scenario

In the Reference—ISC.1 scenario, the power grid of Paraguay continues to be pre-
dominately reliant (99%) on hydro resources in the future. The electricity needs of 
Paraguay increase from 12.42 TWh in 2018 to 24.40 TWh in 2040. Thus, the exist-
ing capacity of the country´s energy system increases from 8.84 GW in 2018, to 11.5 
GW in 2026 and 11.65 GW in 2040 to cover the local electricity demand and export 
the excess electricity. The significant addition of capacity occurs from the hydro-
power plants Ana Cua (0.27 GW), Ita Cora Itati (0.80 GW) and Corpus Christi (1.44 
GW), which collectively have a capacity of 2.51 GW in 2026. Those investments are 
potential upgrades to Yacyreta´s existing installed capacity (1.60 GW), which could 
provide electricity exports to Argentina and cover the local energy needs. Model 
results support the investment plan of the government for the two-stage expansion of 
Rio Acaray´s plant. The existing installed capacity (0.21 GW) is expanded by 0.065 
GW in 2030 and 0.075 GW in 2035 [7]. Also, investments in small hydropower 
plants, hereinafter referred to as PCH (an abbreviation of the Spanish equivalent 
"Pequeñas Centrales Hidroelétricas") (0.196 GW) are held in 2024 to provide elec-
tricity to the local grid. Fossil fuel plants´ are gradually phased out by 2038.

The estimated electricity export price of Itaipu and Yacyreta affects the future 
installation of the power plants mentioned above. Thus, the new investments are 
held only if those are financially attractive solutions and their generation costs are 
lower than the estimated electricity export prices. In this case, the country exports 
most of its generated electricity (75% in 2014) to Argentina and Brazil, presenting 
an overcapacity of the power system.

Under this scenario, transmission capacity would need to increase to accommo-
date the 2 GW of extra generation capacity (Fig. 2).

The electricity generation in Paraguay increases by approximately 1.5 times by 
2040 (91 TWh) compared to 2018 (60 TWh) in the Reference—ISC.1 scenario. 
Hydropower continues to be a significant part of the power mix. The gradual entry 
of small PCH plants in 2024 increases the electricity supply by 1.22 TWh while the 
expansion of the power sector on investing in Ana Cua, Ita Cora Itati and Corpus 
Christi in 2026 will collectively supply electricity of 14.93 TWh annually by 2040. 
As a result, the electricity exports to Brazil gradually decrease from 34 TWh in 
2018 to 24 TWh by 2040 and Argentina increase from 10 TWh in 2018 to 24 TWh 
by 2040 (Fig. 3). This transition is because the electricity export price of Yacyreta 
will be higher than Itaipu supplying less electricity to the national grid and decreas-
ing the overall system costs.
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3.2  Analysis of trade‑offs between electricity demand growth and export prices

3.2.1  Implications on generation capacity

As the electricity demand increases among the scenarios (Reference, Medium, 
High), new hydropower plants are installed (Rio Acaray, Ana Cua, Ita Cora Itati, 
Corpus Christi, PCHs, new hydropower plant) in different years of the mode-
ling period. Rio Acaray increases its total capacity in 2030 (275 MW) and 2035 
(350 MW). Ana Cua is coming into the power system in 2026, adding a capacity 
of 270  MW while Ita Cora Itati in 2026 (800  MW). Similarly, Corpus Christi 
is installed in 2026, increasing the total installed capacity by 1.4375 GW. The 
installed capacity by technology and scenario for the different years of the mod-
eling period can be found in Supplementary Figs.  5–8. One of the factors that 
affect the total installed capacity and the installation year of the new power plants 

Fig. 2  Total installed capacity by technology (GW) in the Reference—ISC.1 scenario

Fig. 3  Electricity generation mix by technology (TWh) in the Reference—ISC.1 scenario
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is the electricity export price of Itaipu and how it affects the electricity exports of 
the country. We explain this effect in the following paragraphs.

As the electricity export price for Itaipu (ISC.1) remains constant, any differences 
in the generation capacity are not observed among the different demand scenarios 
since it is not cost-optimal to invest in new power plants to increase the electric-
ity exports. Nevertheless, as the average generation cost of Itaipu decreases by 
60% (ISC.2) to balance the accounts, less capacity is required in the Reference and 
Medium demand scenarios (11.52 GW, 2040) compared to the High demand sce-
nario (11.65GW, 2040). The noticeable differences among the scenarios are due to 
the penetration of the PCHs plants into the power system in different years. In the 
Reference and Medium demand scenario, a capacity of 38.46 MW of PCHs plants 
come in 2020, while in the High demand scenario, a capacity of 196.49  MW of 
those power plants operates in 2034.

In the ISC.3 case, considering the increase in the electricity export price of 
Itaipu, in the Reference scenario, the installed capacity increases to 11.78 GW in 
2040. A new hydropower plant (130 MW) comes into the power system in the last 
years of the modeling period (2039–2040). In contrast, in the Medium and High 
demand scenarios, under the ISC.3 case, the installed capacity increases to 13.65 
GW in 2040. The same new hydropower plant comes into the power system in ear-
lier years (2027). In the Medium demand scenario, the installation of the new hydro-
power plant adds a capacity of 1.24 GW in 2027, reaching to 2 GW in 2031, while 
in the High demand scenario increases by 2 GW in 2027.

Similarly, in the ISC.4 case, in the Reference scenario, the total installed capac-
ity reaches to 11.78 GW in 2040. As in the previous scenario, the higher electricity 
export price of Itaipu leads to an increase in the installed capacity in the Medium 
and High demand scenarios reaching 13.65 GW in 2040. The only difference in both 
the Medium and High demand scenario, is the installation year of the new hydro-
power plant, which is installed in 2037, adding a capacity of 2 GW.

The variation in the installation year of the new hydropower plant is due to the 
estimated electricity export price of Itaipu that reaches approximately the same level 
between the ISC.3 and ISC.4 cases in different years to financially support the new 
plant and decrease the overall system´s costs. By increasing the generation capacity 
in the power system, the country has the option to increase its electricity exports to 
the neighboring countries. As can be seen in Fig. 9, the average electricity cost of 
generating electricity for the new hydropower plants in the ISC.3 and ISC.4 cases is 
lower than the electricity export price of Itaipu.

3.2.2  Implications on the generation mix and electricity exports

Under the ISC.1 case, the power generation throughout the modeling period 
increases to 42 TWh in 2040 in the Reference scenario compared to 68 TWh in 
the Medium and the High demand scenarios in the same year (Supplementary 
Fig.  9). However, the electricity generation mix changes among the scenarios 
affected primarily by both electricity exports and local electricity demand. In the 
Medium and High demand scenarios, the industrial penetration and the improve-
ment of socio-economic conditions increase the domestic electricity demand. In the 
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above scenarios, this transformation leads to a substantial decrease in the country´s 
overall electricity exports by approximately 28% and 41% correspondingly during 
2018–2040 compared to the Reference scenario one. In this case (ISC.1), the elec-
tricity export price of Itaipu is assumed to be lower than the Yacyreta´s one, so it is 
not profitable to increase the levels of electricity exports to Brazil. Also, sufficient 
reserve generation capacity is needed to be maintained to cover peak demand.

The results show that in the Reference scenario, the electricity exports to Bra-
zil decrease from 34 TWh in 2018 to 24 TWh in 2040. In the Medium and High 
demand scenarios, the exports to Brazil reach gradually to 0 TWh in 2040 (Fig. 4). 
It is interesting to notice that in this scenario, the higher electricity export price of 
Yacyreta compared to Itaipu leads to higher electricity exports to Argentina while 
shifting Itaipu´s generation mainly to cover the domestic demand. Ana Cua, Ita Cora 
Itati and Rio Acaray supply electricity in a total of 14.94 TWh annually and small 
PCHs plants 1.22 TWh annually starting operation in different years. On the other 
hand, the electricity exports to Argentina increase in the period 2026–2036 com-
pared to the previous decade, mainly due to the increase of the power generation 
capacity. Specifically, in the Reference and Medium demand scenarios, the electric-
ity exports to Argentina increase from 10 TWh in 2018 to 24 TWh in 2040. How-
ever, in the High demand scenario, the electricity exports to Argentina increase to 
24 TWh in 2026 and then gradually decrease to 11 TWh in 2040 (Fig. 5). This trend 
is because the electricity consumption per capita in the country is very low. Thus, 
as the domestic electricity demand increases across the scenarios, overall electricity 
exports are decreasing in this electricity export price scenario.

Under the ISC.2 case, in the Reference scenario, the domestic electricity supply 
reaches approximately 43 TWh in 2040 while in the Medium and High demand sce-
narios reaches 67 TWh correspondingly (Supplementary Fig.  10). Besides, in the 
Reference scenario, the total exports increase to around 47 TWh compared to the 
Medium (24 TWh) and High (11 TWh) demand scenarios by 2040. Similarly to the 
ISC.1 case, the electricity export price of Itaipu is lower than in the Yacyreta one in 

Fig. 4  Electricity exports to Brazil among the different demand scenarios combined with the electricity 
export price of Itaipu
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the future, leading to lower electricity exports to Brazil among the scenarios. In the 
Reference scenario, the electricity exports to Brazil decrease by 32% (reaching 23 
TWh) by 2040, while in the other two scenarios decrease, reaching gradually to 0 
TWh in 2040. The rest of the total electricity exports are in Argentina. Furthermore, 
in the High demand scenario, the small PCHs plants provide electricity domestically 
1.22 TWh on an annual basis to increase the electricity exports to Argentina around 
2.6 times compared to the previous years starting from 2026.

Under the ISC.3 case, in the Reference scenario, the domestic electricity supply 
reaches 28 TWh in 2040 compared to 52 TWh (Medium) and 65 TWh (High) in 
the same year. Moreover, in each of the scenarios, the electricity exports to Argen-
tina gradually decrease, reaching 0 TWh by 2040. However, the electricity exports 
to Brazil increase in the Reference (44%) and Medium (3%) scenario by 2040 
while in the High (− 32%) decrease. The electricity export of Itaipu is higher than 
Yacyreta, leading the country to increase its electricity exports to Brazil compared 
to Argentina´s one in each of the scenarios by 2040. Besides, the future annual 
power generation of Rio Acaray, Ana Cua, Ita Cora Itati and Corpus Christi is simi-
lar among the scenarios throughout the modeling period. Lastly, a new hydropower 
plant is installed in different years among the scenarios (Supplementary Fig. 11).

In the ISC.4 case, a similar observation, as in the ISC.3 case, applies in each of 
the demand scenarios. The overall electricity generation increases in the Reference 
(77 TWh), Medium (88 TWh) and High (88 TWh) demand scenarios by 2040. The 
electricity exports are only to Brazil, wherein the Reference scenario, they constitute 
around 64% by 2040 while in the Medium (41%) and High (26%) demand scenarios, 
less in the same year (Supplementary Fig. 12).

3.2.3  Total profits for Paraguay under the electricity export price of Itaipu

In this section, we analyze the implications of the different demand levels on the 
electricity sector of Paraguay and the country´s economy, focusing on the Itaipu 
power plant, under the different demand and electricity export price scenarios. As 

Fig. 5  Electricity exports to Argentina among the different demand scenarios combined with the electric-
ity export price of Itaipu
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the Itaipu debt is expected to be paid by 2023, the government could use the profits 
from the electricity exports to Brazil from Itaipu to boost Paraguay´s economy.

In the Reference scenario, under ISC.1 case the country`s total profits from Itaipu 
increase from 0.39 BUSD in 2018 to 1.31 BUSD by 2040. While in each of the 
cases ISC.2, ISC.3, ISC.4, the total profits reach 0.26 BUSD, 1.82 BUSD and 1.69 
BUSD respectively in the same year. The total earnings for the government from 
Itaipu are following the electricity export price between Itaipu and Brazil. As the 
electricity export price to Brazil is increasing and being higher than the electricity 
export price to Argentina, Itaipu increases its electricity exports to Brazil. Besides, 
as it has been analyzed in the previous section, the penetration of the new hydro-
power plans, mainly the following years 2023, 2026, further increases the electricity 
exports to Brazil, mainly in ISC.3 and ISC.4 cases (Supplementary Fig. 13).

In the Reference scenario, the total accumulative earnings (in BUSD) for Para-
guay from Itaipu (ISC.1–4), as a function of the electricity exports to Brazil, are 
illustrated in Fig.  6. The total accumulative earnings increase from 0.8 BUSD in 
2018 to 27 BUSD (ISC.1), 8 BUSD (ISC.2), 33 BUSD (ISC.3) and 32 BUSD 
(ISC.4) in 2040 respectively among the scenarios.

In the Medium demand scenario, under the ISC.1 and ISC.2 cases, the future 
electricity exports to Brazil decrease while in the ISC.3 and ISC.4 cases increase. 
Thus, in the first case, the total profits for Paraguay are 1.09 BUSD (ISC.1) and 0.04 
BUSD (ISC.2) in 2040, while in the second case are 1.34 BUSD (ISC.3) and 1.38 
BUSD (ISC.4) accordingly in the same year (Supplementary Fig. 14).

In the same demand scenario, the total accumulative earnings for the govern-
ment of Paraguay reach to 23.77 BUSD (ISC.1), 4.70 BUSD (ISC.2), 29.52 BUSD 
(ISC.3) and 26.99 BUSD (ISC.4) in 2040 respectively. The total earnings in each of 
the scenarios are lower than in the Reference scenario, since the domestic electricity 
demand is higher (Fig. 7).

In the High demand scenario, the total annual profits for the government of Para-
guay reach 1.09 BUSD (ISC.1), 0.04 BUSD (ISC.2), 0.86 BUSD (ISC.3) and 1.08 

Fig. 6  Reference scenario—exports to Brazil (TWh) vs total accumulative earnings (BUSD) for Para-
guay from Itaipu
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BUSD (ISC.4) in 2040 respectively. It should be noted how the total annual profits 
in each one of the scenarios differ, starting from 2023 onwards, as the electricity 
export price fluctuates and new power plants are installed in the future (Supplemen-
tary Fig. 15).

In the High demand scenario, the total accumulative earnings reach among the 
scenarios to 22.85 BUSD (ISC.1), 3.85 BUSD (ISC.2), 24.89 BUSD (ISC.3) and 
23.80 BUSD (ISC.4) in 2040, correspondingly Fig. 8.

The estimated average electricity cost of generating electricity for the different 
power plants in Paraguay is illustrated below (Fig. 9). As the electricity export price 
of Itaipu changes throughout the years (starting from 2023), it affects the installation 
of the new power plants based on their average cost of generating electricity.

Fig. 7  Medium demand scenario—exports to Brazil (TWh) vs total accumulative earnings (BUSD) for 
Paraguay from Itaipu

Fig. 8  High demand scenario – Exports to Brazil (TWh) vs Total accumulative earnings (BUSD) for 
Paraguay from Itaipu
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4  Discussion

This study provides insights for Paraguay on long-term electricity planning, consid-
ering future investments in the power system and compares the revenues for the gov-
ernment by setting specific electricity export prices to boost the country´s economy. 
The electricity demand projections analyzed emphasize the importance of strategic 
energy planning. Even though Paraguay has overcapacity in the power system to 
supply domestic electricity demand, the generation capacity needs to be expanded in 
the future. The additional capacity is essential to keep the electricity export levels at 
a sufficiently high level while maintaining a suitable reserve margin to ensure sys-
tem reliability. Paraguay has a high renewable energy potential to invest. However, 
the cheap electricity produced by the Itaipu and Yacyreta hydropower plants, and 
the overcapacity of the power system, makes this alternative less profitable at some 
level (Fig. 9). The model results support the investment plan of the government in 
the power sector [6,28,39]. However, the future implementation of some hydro-
power projects (Ana Cua, Ita Cora Itati, Corpus Christi) is more challenging because 
they are binational joint projects and both countries must agree in their approval. 
Investments on new hydropower plants could ensure revenues in the government to 
be used for other purposes. Decision-makers must consider the financial viability of 
the economic potential of investing in a large hydropower project, policies for reset-
tlements, hydrological uncertainties, as well as geopolitical challenges [35]. One of 
the biggest challenges the government faces nowadays is negotiating the electricity 
export price of Itaipu to Brazil, which benefits both countries. The negotiation of 
the terms of the Itaipu Treaty in 2023 will have several implications in the country´s 
economy in the coming decade. The higher electricity export prices to Brazil from 
Itaipu (ISC.3 and ISC.4 scenarios), compared to the price agreed until 2022, and 
Argentina´s current ones could allow the government to increase its revenues further 
and to improve power infrastructure on a national level. In the opposite case (ISC.1 
and ISC.2), it would be profitable to decrease the electricity exports to Brazil from 

Fig. 9  Average electricity cost of generating electricity (USD/MWh)
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Itaipu and use Itaipu´s generation instead to cover most of the country´s electricity 
needs and increase the electricity exports to Argentina.

Nevertheless, in the High demand scenario, the country´s electricity exports dra-
matically decrease by 2040. Paraguay is an electricity hub exporter in South Amer-
ica; thus, any decisions on the country’s national energy plan has a substantial effect 
on the neighboring countries. The outcomes of this study point out the key invest-
ments, trade and policy recommendations as a base for an outlook for power pur-
chase agreements.

In the Reference demand scenario, Paraguay covers its energy needs until 2040, 
taking into consideration the country´s National Development Plan for 2014–2030 
[28]. Also, it maintains its electricity exports to Argentina and Brazil at similar lev-
els compared to 2018 by investing in new hydropower plants, mainly in 2026. On 
the supply side, the country´s fuel mix continues to be based entirely on renewables. 
Those results have a positive impact on the country´s economy in the long-term and 
would include the creation of new income opportunities, jobs and livelihoods [64]. 
Nevertheless, in the Reference—ISC.1 scenario, the government spends approxi-
mately 18.3 billion USD on power plant investments and grid expansion through-
out the period 2018–2040. As the national electricity demand increases, the further 
development of Yacyretá dam is essential in 2026 (Supplementary Figs. 5–8), which 
is consistent across scenario results.

In the Medium and High demand scenarios, the investments on new power plants 
and the expansion of the grid correspond to approximately 25.4 billion USD and 
31.2 billion USD accordingly for the period 2018–2040. The establishment of a 
similar electricity export price after 2023 compared to 2018 market levels could 
allow the government to create a funding scheme available to invest in the country’s 
economic growth [3]. The government could potentially use these funds to invest 
in the development of its industrial sector [44], improve its transport infrastructure, 
which could lead to decreasing fossil fuel imports and enhancing its energy secu-
rity. Another option could be to subsidize the acquisition of electric stoves contrib-
uting to socio-economic development [65]. Moreover, the government could exploit 
its significant potential for the production of biofuels [66] for national consump-
tion as well as exports boosting the country´s economy following Brazil’s exam-
ple [67]. The High demand scenario is consistent with higher investments in the 
energy-intensive industry. Thus, it appears that the country could cope with this—
and should actively attract intensive industry—or leverage higher prices from its 
electricity exports. Following this, in the High demand scenario, the electricity 
exports are decreasing considerably in the future, by 50% compared to the Reference 
demand scenario in 2040, despite the planned investments. However, the central 
management of the grid and infrastructure development is essential. Frequent power 
shortages can result in significant losses in industry sales and damage equipment. To 
pursue key policy priorities, the government and significant stakeholders are vital to 
devote time, capital investments and strong political will.

The scope of this analysis could be extended to considering not only the elec-
tricity supply system of the country but other sectors such as transport and resi-
dential. Besides, trade links with other neighboring countries (Bolivia, Chile, 
Uruguay), demand-side management, energy efficiency measures and consumer 
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behavior could also be considered. Moreover, modeling the storage of hydro-
power plants could provide the flexibility of the operation of hydro and better uti-
lization of this power source. Also, the demand drivers under different scenarios 
could be further analyzed to capture possible future changes in socio-economic 
factors (e.g., population, GDP).

The flexibility of operation of hydro and pumped-storage power plants and the 
variety of ancillary services that they provide to the grid enable better utilization 
of variable renewable resources and more efficient and reliable operation of the 
entire power system. A model with cascading hydropower is to prefer to capture 
all the possibilities with hydropower and hydropower storage. The level of detail 
to model hydropower storage in OSeMOSYS strongly depends on what the ana-
lysts are looking for in their research work [68]. Nevertheless, the policy insights 
offered by our model and the detail of the analysis (e.g., annual electricity 
demand split into nine-time slices) do not need to model hydropower with storage 
explicitly. Furthermore, the location-specific environmental minimum river flows 
associated with current and future hydropower plants would be required to model 
storage in detail. The detailed level of these data is missing from the literature.

Future work would also include updating some of the techno-economic param-
eters extracted from international sources associated with future power genera-
tion technologies with local sources. The model developed assuming price-ine-
lastic demand, free competition with no market imperfections and predetermined 
projections for electricity demand, fuel prices, power generation costs, resource 
availability and energy policies. Future uncertainties regarding the evolution of 
those parameters are not modeled. Besides, scenarios are carefully constructed 
snapshots of the future and the possible ways a sector might develop to draw 
insights and not predict the future [69]. One of those future uncertainties is the 
COVID 19 pandemic, which impacted the power sector in terms of both overall 
demand (decline in the electricity demand) and consumption patterns (genera-
tion mix, changes in fuel prices) [70]. The pandemic also affected the country´s 
economy, forecasting a decline in GDP of 5% in 2020 compared with 4%, which 
was predicted [71].

The open-source studies as the current one can strengthen the duplication 
efforts, improve the datasets´ quality by verifying and updating-up to date modeling 
assumptions and being transparent to overcome criticism [13,72].

Future work could also examine the macro-economic impacts (e.g., exports, reve-
nues, impact upon employment, GDP) associated with the energy sector’s evolution 
using a top-down modeling approach [73–75], [75, p. 3]. However, this approach 
misses the technical detail of the energy transition, which our study covers. An 
electricity model for Paraguay, which uses both modeling approaches, could offer 
broader policy insights associated with the evolution of the economy coupled with 
the energy sector.

Since the water availability in the Paraná River could significantly affect the 
country´s power generation mix, a climate change scenario could be examined. The 
findings of this paper are meaningful for other developing countries of comparable 
socio-economic characteristics, a (large) hydro-dominated energy system and sig-
nificant electricity exporters where a similar methodology could be applied to assist 
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in policy-decision making in energy transition (e.g., Brazil [76,77], China [78,79], 
India [80] and African countries [81]).

5  Conclusions

In this study, we applied an open-source cost-optimization modeling system for 
long-term energy planning (OSeMOSYS) in the development of a model of the elec-
tricity system of Paraguay. We used the model to investigate hypothetical futures of 
electricity from 2018 to 2040. Different scenarios examined related to a combina-
tion of varying electricity demands, electricity export prices, and cession rates of 
Itaipu. The cost-optimal power generation mix of Paraguay under the different sce-
narios is identified. Also, we estimated the annual revenues for the government of 
Paraguay and Itaipu through its electricity exports to Brazil. We find that Paraguay 
needs to expand the capacity of its power system, mainly by investing in hydropower 
plants, to cover its future electricity needs and sustain national electricity export 
levels. The country´s overall exports decrease by 50% by 2040 between the high 
demand scenario and the Reference scenario, assuming the electricity demand in 
the High demand scenario could approximately double by 2040. The results suggest 
an investment requirement of 18.3–31.2 billion USD,across the scenarios, in elec-
tricity generation infrastructure for the period 2018–2040 to cover future electricity 
demand. A higher cession rate on electricity exports from Itaipu to Brazil after 2023 
(ISC.3–4) compared to the previous levels leads Itaipu to increase its electricity 
exports to Brazil and Yacyreta to swift its electricity generation to cover domestic 
electricity needs.
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