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Abstract

To meet the global climate targets and reduce the emission of carbon dioxide related to the consumption of fossil fuels for power production, in addition to increasing the penetration of variable renewable energy sources (VRES) in national energy systems, a carbon free and dispatchable energy source is essential to compensate the intermittent nature of VRES. Nuclear reactors represent a relatively safe and carbon-free option that proved to work in synergy with VRES in national energy systems. In particular, due to the emergence of the small modular reactors (SMRs) technology, more countries are now exploring the possibility of including nuclear power in their energy mix. Even emerging economies, characterized by an overall lower electricity consumption at national level, and lower purchasing power, see now more suitable use and easier access to the technology due to its smaller capacity and cost compared to previous generation’s reactors. In this work the potential role of SMRs in Bolivia energy strategy to 2035 are investigated by means of the Energy System Optimization Model Calliope. Two scenarios are analyzed: a first one to assess the economic feasibility of introducing one or more SMRs into the Bolivian power sector in 2035, and a second one to test the competitiveness of nuclear power, evaluating whether the introduction of new renewable sources would compromise the tool’s choice to install SMRs. Finally, a sensitivity analysis revealed the economic thresholds beyond which the integration of nuclear energy is no longer economically competitive. In particular, with an interest rate of 11%, SMRs are not installed, while at lower interest rates, the optimal solution might involve the installation of a single SMR.
1. INTRODUCTION
In the global effort to limit average temperature increase well below 2 °C, as agreed by 194 states during the twenty-first edition of the Conference of the Parties (COP21) in Paris in 2015 [1], the energy sector covers a crucial role [2]. In order to transition towards carbon-neutral energy systems, the role of governments is fundamental, as their commitments towards policies that enable the penetration of carbon-free energy supply technologies and phasing out carbon intensive technologies will be determinant [3]. 
Governments should develop and deploy policies that allow national energy systems to quickly and smoothly transition towards carbon-free configurations, taking into account the specific technological characteristics of each technology involved, the specific resource availability of the territory, demographic characteristic of the country and the social acceptability of the solutions [3].
In order to support governments in shaping energy policies based on scientific evidence, energy system optimization models (ESOM) proved over the years to be a valuable tool [4]. 
ESOMs have been used to support development of energy transition policies at different geographical scales and focusing on different aspects of the energy challenge, from isolated energy systems [5], [6] to national level [7], [8] and up to continental level [9], [10].
But is worth to be noted that, in literature, energy scenarios modelled through ESOMs that specifically investigate nuclear energy technologies are limited, and most of the times, when nuclear technology is explicitly mentioned, it is for phase-out of old generators.
In recent periods, the global discourse around nuclear power has changed and the possibility to include this energy source in national mixes is becoming more popular [11]. This is due to a series of factors. The issues to which nuclear could provide a valid contribution to solve are not only of energy security, but rather of carbon neutrality, of energy systems, and nuclear power is being considered as a low-carbon power production technology to be operated in synergy with VRES. In addition to this, emerging economies, in the past left out of the conversation, are now becoming potential adopters of the technology, the so-called “newcomers”. Finally, also new technologies are emerging, moving away from the traditional nuclear powerplants, typically with sizes of the order of the GW, making them less attractive due to high capital investment and unsuitable for developing countries, characterized by lower load demands. [3], [12], [13].
New technologies such Small Modular Reactors (SMRs) are entering the market and they can play a key role for a clean energy transition. SMRs are nuclear fission reactors with reduced dimensions that can generate up to 300 MWe per unit, becoming attractive even to those countries that lack the grid capacity to allocate large-scale plants.
Advantages of reduced dimensions are also that these reactors can be built in factories and then shipped and assembly on-site which allows to have reduced construction time and consequently reduced costs if compared to conventional nuclear reactors [14].
In this work, we make use of a commonly adopted ESOM to investigate energy transition scenarios for the Bolivian energy landscape, with a time horizon to 2035. The feasibility and economic favourability of introducing SMR in synergy with VRES to phase away from fossil-based technologies.
The rest of this paper is structured as follows: Section 2 introduces the methodology and the scenarios used to produce our findings, results are then presented and discussed in Section 3 and conclusions are finally drawn in Section 4.
2. Materials and methods
In order to explore the role of SMR in Bolivian energy transition strategies, the open-source modelling framework Calliope [15] is adopted. Calliope is a bottom-up ESOM with custom geographical resolution, one hour time resolution and one year time horizon. The model minimizes the net present cost (NPC) of the system by acting on two categories of decision variables: the new installed capacity of technology, and the hourly energy dispatch of each technology, meeting an exogenous energy load demand. The framework is used to build a 8 nodes model of the Bolivian power system, based on the 8 administrative departments (Pando is not considered as not connected to the central system), including existing power plants, transmission lines, and the electric demand of year 2022. The model is then validated in operation mode (only decision variables are hourly energy dispatch values of technologies) against national energy statistics [16] to confirm the goodness of the built model, that is then used in planning mode (decision variables are both new unit commitment and hourly dispatch) to investigate energy transition plans to 2035, with a particular focus on the role of SMRs.
Existing Power System (2022)
The Bolivian power system has been modelled in Calliope by characterizing supply technologies, transmission lines and the load demand of the year 2022.
Supply Technologies
As of 2022, the Bolivian power system is composed of hydroelectric, thermoelectric, Wind and Solar power plants. The hydroelectric park comprises water systems with run-of-the-river power plants (Zongo, Taquesi, Yura, and Quehata) and water systems with reservoir-based power plants (Corani, Miguillas, San Jacinto, and Misicuni). The thermoelectric park is composed of natural gas open-cycle gas turbines, steam turbine, natural gas engines, and dual fuel units that use both natural gas and diesel oil. It includes a combined-cycle steam turbine that harnesses the exhaust gases from two natural gas turbines at the Guaracachi Power Plant, combined-cycle units, diesel engines. Wind Farms are located in Qollpana, Warnes, San Julián, and El Dorado, and photovoltaic farms at the Yunchará, Uyuni, and Oruro Power Plants [17]. In FIG. 1 the capacity installed (referred to the year 2022) is shown, taking into account the different types of power plants.
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[bookmark: _Ref167715197]FIG. 1.  Generation Capacity By Type Of Plant (MW) - Year 2022. Source [17]
The exact amount of capacity installed as of 2022 is available on the website of the national electricity committee and used in the model.
Transmission Lines
The Sistema Interconectado Nacional (SIN), is an electrical system consisting of generation, transmission, and distribution facilities that operate to supply electricity to the various departments.
The Sistema Troncal de Interconexion (STI) is a subpart of the SIN that includes only the high-voltage lines in 500, 230, 115 and 69 kV and the associated substations [17].
Any system that is not linked to the National Interconnected System (SIN) is defined as an isolated system (Sistema Aislado). Electric utilities operating in these systems are dependent on locally generated power, and they are primarily situated in the Pando region (the only administrative department not connected to the SIN), but can also be found in various locations in Santa Cruz, Beni, and Tarija [17]. FIG. 2 shows the transmission line system of the country.
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[bookmark: _Ref167715219]FIG. 2. Bolivian Transmission System. Source: [17]
Load Demand
The demand of the Sistema Interconectado Nacional is represented by the demand of Regulated Consumers, predominantly residential, served by distribution companies, and by the demand of Unregulated Consumers or Large Consumers. During the year 2022, the electricity consumption showed a growth of 6.22% compared to the previous year, reaching a value of 10043.5 GWh [17]. 
FIG. 3 reports the monthly national expected and real consumption of electricity, for year 2022. In the model, a 1 hour resolution yearly load demand, openly made available by the national electricity commission, is used. 
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[bookmark: _Ref167715319]FIG. 3. Real and foreseen load demand [GWh] – Year 2022

New Technologies and Scenario Definition (2035)
In order to design and plan the national power system in 2035, thanks to ABEN (Agencia Boliviana de Energia Nucleare) a list of power plants under construction, or planned to be constructed, that will be ready and operational in the year 2035, has been obtained and it included as forecasted already existing capacity.

The 2035 energy demand has been modeled by considering the foreseen demand growth by CNDC (Comité Nacional de Despacho de Carga). By starting from the real energy demand related to the year 2022, and maintaining the trend in each administrative department, the hourly energy demand has been increased by 4% each year until 2035.

In this phase, the future scenario 2035 was analyzed by using Calliope in planning mode, in order to identify the additional capacity needed to meet the estimated load, with a focus on investigating and optimizing the most sustainable energy scenario from an economic perspective, minimizing the net present cost.
Nuclear energy is therefore one of the possible energy sources that can be installed to meet energy needs in 2035. In this case, Calliope will decide whether or not to include it in the energy mix on the basis of the most economically favorable solution.
EDF Nuward reactor is the technology selected in this study to investigate potential role of nuclear power plants in the future Bolivian system, and in TABLE 1 a detail of the parameters used to characterize this technology is reported.


[bookmark: _Ref167715421]TABLE 1. Technological Characterization of Nuclear Technology Nuward Reactor in Calliope
	Parameter
	Value

	Overall Efficiency
Lifetime
Resource 
Min Cap Factor
Max Installable Units
Unit Capacity
Spec Inv Cost
Fix O&M
Var O&M
Cost of Fuel
	0.32
60 years
inf
0.2
3
340 MW
6000 $/kW
95 $/kW year
0.003 $/kWh
0.001 $/kWhth



The analysis is run considering a Discount Rate of 5%. Capital costs were estimated based on typical values of $5000/kWe for SMART (SMR design by the Korean Atomic Energy Research Institute) and $4000/kWe for NuScale, at the time. The EIA has estimated an overnight capital cost for a new nuclear reactor to be $5460 kWe, adjusted to 2015 USD [18]. To consider a worst-case scenario, in order to maintain a conservative approach, a value associated with investment costs equal to 6000 $/kWh has been chosen, while the cost of fuel, which also considers mining, conversion, enrichment, and fabrication processes, has been calculated through wise-uranium.org, setting a value for the SMR burnup equal to 35 GWd/tHM.
A first run of 2035 in operation mode is performed to establish a base case, with only the foreseen technologies. Subsequently, two scenarios are proposed to evaluate the role of SMRs in the future of the Bolivian power system. 
First Scenario
The first scenario encompasses the possibility to install only new nuclear power, in terms of SMRs, meet the given national load of 2035. The model will determine the economically optimal solution (lowest LCOE) in terms of new capacity installed and power production from previously existing and newly installed energy supply technologies, limiting the new nuclear power to a maximum 3 units (340 MW each, as per TABLE 1).
Second Scenario
The second scenario allows installation of not only new nuclear power, but as well new wind turbines and photovoltaic systems in addition to it. While the same restrictions of maximum 3 units apply to nuclear power, no restrictions have been placed on the maximum capacity that can be installed for wind turbines and solar photovoltaic. The only restrictions for these renewable technologies are those related to the availability of their resources, obtained via the online tool renewables.ninja [19], [20]. The same optimization will determine the cost-optimal configuration.
Sensitivity Analysis
To explore the cost of technology and national financial conditions that would determine the inclusion or exclusion of nuclear power from the future cost-optimal energy mix, a sensitivity analysis is performed on the interest rate and the investment costs values.
Interest rates are varied on the values of 5%, 7%, 9% and 11%, while investment cost of SMRs is varied across the values of 6000, 8000, 10000, 12000 and 13000 $/kWe.
This analysis will allow to identify when the introduction of nuclear power is no longer economically affordable, according to technology readiness and national financial conditions and policies.
3. Results
The results of the four optimizations, 2022 Operation, 2035 Operation, 2035 Planning S1 and S2, are hereby reported and discussed.
3.1. 2022 Power System Validation
The results obtained from running the 2022 Power System in operation mode (no possibility to install new capacity, optimizing dispatch of existing technologies), allows to verify the goodness of the built model, that will serve as starting point for the two future planning scenarios, FIG. 4 shows a comparison between annual electricity production as reported by the national electricity committee and the results from the model run.
[image: ]
[bookmark: _Ref167715552]FIG. 4. Left: recorded electricity generation in Bolivia in 2022 by source: OCGT: 6%, CCGT: 56.9%, Wind: 4%, Hydro: 27%, Bio: 2.7%, Solar: 3.3%, Others: 0.5%. Right: results from Calliope Operation Bolivia 2022: OCGT: 6%, CCGT: 56.3% Wind: 3.9% Hydro: 28%, Bio 2%, Solar: 3.5%.

The results allow to consider the input data and the proposed model suitable for the analysis at hand.
2035 Power System with Nuclear Scenarios
In FIG. 5, the generation of 2035, optimized in terms of optimal economics by Calliope for 2035, is shown.
[image: ]
[bookmark: _Ref167715597]FIG. 5. Total electricity generation by source in the base case 2035.
First Scenario
As a result, the introduction of two SMRs (340 MWe each) was achieved. Thus, among the technologies to be purchased and installed, not only nuclear energy is chosen, but the optimal solution for Calliope is the installation of two SMRs.
In this scenario, a drastic reduction in energy production from fossil sources was achieved, in particular a sharp decrease in CCGT (which today covers more than 50% of Bolivia’s energy needs) and OCGT in the energy supply, as shown in FIG. 6.
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[bookmark: _Ref167720626]
FIG. 6. National Electricity Dispatch as a result of Scenario 1 optimization
Second Scenario
In this scenario, the dispatch is optimized by further reducing energy production by gas turbines, in particular OCGT which is no longer deemed economically advantageous and therefore has been excluded from the energy mix. The utilization of nuclear technology for energy production has been slightly decreased during periods of lower energy demand to make room for the newly installed solar panels. Furthermore, no additional wind turbines are installed. The national dispatch is reported in FIG. 7.
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[bookmark: _Ref167720680]
FIG. 7. National Electricity Dispatch as a result of Scenario 2 optimization
Sensitivity Analysis Results
The analysis has been done by doing multiple optimization runs varying, each time, the interest rate and  he investment costs values to see when nuclear power is cut out of the energy mix, that is when the introduction of nuclear power is no longer economically affordable.

TABLE 3. Results of the sensitivity analysis
	Interest Rate
	Investment Cost [$/kWe]

	
	6000
	8000
	10000
	12000
	13000

	5%
	2 SMRs
	2 SMRs
	2 SMRs
	1 SMR
	NO SMR

	7%
9%
10%
11%
	2 SMRs
1 SMR
1 SMR
NO SMR
	1 SMR
NO SMR
	NO SMR
	NO SMR
	



As can easily be deduced from the results shown in the table above, with an interest rate of 11%, small modular reactors (SMR) are not installed, regardless of the investment costs, because the technology is overall too expensive, and therefore nuclear power is excluded from the energy mix as it does not fall among the solutions that allow minimizing the total costs.
In other cases, however, at a fixed interest rate, there are some investment cost values for which the installation of two SMRs is not economically advantageous, but installing only one nuclear reactor appears to be a better choice.
4. ConclusionS
In conclusion, a first scenario revealed that the best solution to minimize total costs is the installation of two small modular reactors (SMRs). This led to a significant reduction in energy production from fossil sources, particularly combined and open-cycle gas turbines, with a corresponding reduction in CO2 emissions.
In a second scenario, new solar and wind power plants were also considered alongside nuclear power. The dispatch was optimized to obtain a further reduction in energy production from gas turbines, and the introduction of solar panels replaced some nuclear energy during periods of lower demand.
A sensitivity analysis revealed that, with an interest rate of 11%, SMRs are not economically feasible. However, at different interest rates and investment cost values, installing one nuclear reactor appeared to be a more economically advantageous solution.
References
[1]	UNFCCC, “Report of the Conference of the Parties on its twenty-first session, held in Paris from 30 November to 11 December 2015. Part one: Proceedings,” UNFCCC, 2015. [Online]. Available: https://unfccc.int/process-and-meetings/conferences/past-conferences/paris-climate-change-conference-november-2015/cop-21/cop-21-reports
[2]	K. Calvin et al., “IPCC, 2023: Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team, H. Lee and J. Romero (eds.)]. IPCC, Geneva, Switzerland.,” Intergovernmental Panel on Climate Change (IPCC), Jul. 2023. doi: 10.59327/IPCC/AR6-9789291691647.
[3]	International Energy Agency, “World Energy Outlook 2023,” IEA, Paris, 2023. [Online]. Available: https://www.iea.org/reports/world-energy-outlook-2023
[4]	J. DeCarolis et al., “Formalizing best practice for energy system optimization modelling,” Applied Energy, vol. 194, pp. 184–198, 2017, doi: 10.1016/j.apenergy.2017.03.001.
[5]	N. Stevanato et al., “Planning third generation minigrids: Multi-objective optimization and brownfield investment approaches in modelling village-scale on-grid and off-grid energy systems,” Renewable and Sustainable Energy Transition, vol. 3, p. 100053, Aug. 2023, doi: 10.1016/j.rset.2023.100053.
[6]	C. D. Pero et al., “Modelling of an Integrated multi-energy system for a nearly Zero Energy Smart District,” in Proceedings of the 7th International Conference on Clean Electrical Power: Renewable Energy Resources Impact (ICCEP 2019), 2019, pp. 246–252. doi: 10.1109/ICCEP.2019.8890129.
[7]	F. Lombardi, M. V. Rocco, and E. Colombo, “A multi-layer energy modelling methodology to assess the impact of heat-electricity integration strategies: The case of the residential cooking sector in Italy,” Energy, vol. 170, pp. 1249–1260, 2019, doi: 10.1016/j.energy.2019.01.004.
[8]	F. Lombardi, B. Pickering, E. Colombo, and S. Pfenninger, “Policy Decision Support for Renewables Deployment through Spatially Explicit Practically Optimal Alternatives,” Joule, vol. 4, no. 10, pp. 2185–2207, 2020, doi: 10.1016/j.joule.2020.08.002.
[9]	T. Trondle, “Supply-side options to reduce land requirements of fully renewable electricity in Europe,” PLoS ONE, vol. 15, no. 8 August, pp. 1–19, 2020, doi: 10.1371/journal.pone.0236958.
[10]	M. Pavičević, M. D. Felice, S. Busch, I. H. González, and S. Quoilin, “Water-energy nexus in African power pools – The Dispa-SET Africa model,” Energy, vol. 228, p. 120623, 2021, doi: 10.1016/j.energy.2021.120623.
[11]	International Energy Agency, Nuclear Power and Secure Energy Transitions: From today’s challenges to tomorrow’s clean energy systems. OECD, 2022. doi: 10.1787/aca1d7ee-en.
[12]	Nuclear Energy Agency, “Small Modular Reactors: Challenges and Opportunities,” 2021. [Online]. Available: https://www.oecd-nea.org/upload/docs/application/pdf/2021-03/7560_smr_report.pdf
[13]	IAEA, “IAEA Annual Report 2022,” 2022. [Online]. Available: https://www.iaea.org/sites/default/files/gc/gc67-2.pdf
[14]	“Small modular reactors (SMR) | IAEA.” Accessed: Jun. 03, 2024. [Online]. Available: https://www.iaea.org/topics/small-modular-reactors
[15]	S. Pfenninger and B. Pickering, “Calliope: a multi-scale energy systems modelling framework,” Journal of Open Source Software, vol. 3, no. 29, p. 825, 2018, doi: 10.21105/joss.00825.
[16]	“COMITE NACIONAL DE DESPACHO DE CARGA - CNDC.” Accessed: Apr. 11, 2024. [Online]. Available: https://www.cndc.bo/home/
[17]	CNDC, “Memoria Anual 2022 - Resultados de la Operacion,” Comité Nacional de Despacho y Carga, 2023. Accessed: May 22, 2024. [Online]. Available: https://www.cndc.bo/home/media/memyres_2022.pdf
[18]	B. Vegel and J. C. Quinn, “Economic evaluation of small modular nuclear reactors and the complications of regulatory fee structures,” Energy Policy, vol. 104, pp. 395–403, May 2017, doi: 10.1016/j.enpol.2017.01.043.
[19]	I. Staffell and S. Pfenninger, “Using bias-corrected reanalysis to simulate current and future wind power output,” Energy, vol. 114, pp. 1224–1239, Nov. 2016, doi: 10.1016/j.energy.2016.08.068.
[20]	S. Pfenninger and I. Staffell, “Long-term patterns of European PV output using 30 years of validated hourly reanalysis and satellite data,” Energy, vol. 114, pp. 1251–1265, 2016, doi: 10.1016/j.energy.2016.08.060.

	

	



Conference Proceedings_Example paper.docx



1
image3.png
1050

1000

950

- [

850
800

750

700

650

600
ENE FEB MAR ABR MAY JUN JUL AGO SEP OCT NOV DIC

® DPrevista ® Real




image4.emf
   


image5.emf

image6.emf

image7.emf

image1.emf

image2.png
REFERENCIAS

©0000

P
o ——
Canritcs e
Cenriics
Cererinsetn

scok
— 0w

—
ek





