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Electricity supply with renewable energy sources and the Cuban electricity system: Challenges of supply-demand balance
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ABSTRACT/ RESUMEN
The article describes possible scenarios for the future development of the Cuban electricity system. The plans of increasing electricity supply from intermittent energy sources like solar and wind power create challenges in balancing the supply-demand in the context of varying load curve. Different scenarios for future electricity demand are constructed based on different potential paths for economic development and technological changes in the consumption side. In addition, different scenarios are constructed for electricity supply with renewable sources. Also the potential use of energy storage is analysed, this storage capacity can reduce the demand for peak power capacity. It can also reduce the required ramping rates for the fossil fuel power plants for balancing supply and demand. Scenarios are constructed using CubaLinda model having hourly production and consumption calculations up to 2040. The model produces information of fuel demand, costs of electricity production and the CO2 emissions related to the different scenarios.
Key Words: CubaLinda model, scenarios, renewable energy.
En el presente artículo se describen posibles escenarios para el desarrollo futuro del sistema eléctrico cubano. Los planes de aumentar el suministro de electricidad a partir de fuentes de energía intermitentes como la energía solar fotovoltaica y la energía eólica crean desafíos para equilibrar la generación-demanda en el contexto de una curva de carga variable. Se construyen diferentes escenarios para la futura demanda de electricidad en función de diferentes caminos potenciales para el desarrollo económico y los cambios tecnológicos en el lado del consumidor. Además, se construyen diferentes escenarios para el suministro de electricidad con fuentes renovables de energía. También se analiza el uso potencial del almacenamiento de energía, esta capacidad de almacenamiento puede reducir la capacidad de generación en demanda máxima. También puede reducir las tasas de aumento requeridas para las plantas de energía que usan combustibles fósiles para equilibrar la generación y la demanda. Los escenarios se construyen utilizando el modelo CubaLinda con cálculos de producción y consumo por hora hasta el 2040. Con la aplicación del modelo se obtiene información sobre la demanda de combustible, los costos de producción de electricidad y las emisiones de CO2 relacionadas con los diferentes escenarios.
Palabras Claves: Escenarios, energía renovable, modelo CubaLinda.
INTRODUCTION

Energy efficiency and conservation, increasing the availability and reliability of the national grid and incorporating more renewable energy technologies into its energy portfolio are main aspects in Cuban Energy Revolution [1]. Due to the key role that the energy sector plays in the socioeconomic development, investments in it have been increasing rapidly in recent years. This resulted in situation, where in the year 2013, in the energy matrix, 4.3% of the installed power corresponded to the renewable energy sources (Biomass, Wind, Solar and Hydroelectric). The country's goal for the year 2030 is a considerable change in the energy matrix where 24% of energy supply comes from renewable energy sources. 
Two key sources for renewable power generation are intermittent solar and wind energy. Energy planners have always had to deal with variability and uncertainty to some extent, but the challenges that intermittent renewable energy poses to the power sector are in many ways distinct. Proactive planners, in both developed and developing economies, will aim to address these challenges directly, starting with today’s long-term models for energy transition planning [2]. 
The modelling of different possible future scenarios has become a critical planning tool in the power sector, to be aware of different potential paths for economic development and technological changes. Long-range INtegrated Development Analysis (LINDA) model, have been used in several countries such as; Finland, Cambodia, Laos, China, European Union 28 countries and Cuba [3,4,5], for energy system analysis. 
This article analyses the future development paths for the Cuban electricity system using CubaLinda model and presents baseline scenario for Cuban electricity sector development and illustrates the results of the analysis. The target is to analyze different scenarios constructed for electricity supply with renewable sources (solar and wind energy). The CubaLinda model constructs scenarios for hourly demand in different sectors in the economy (households, industry, services and agriculture) for weekdays and weekends taking into account the monthly variations in electricity demand and different economic growth rates as well as electricity intensity in different economic sectors. Part of the demand can be supplied by the wind and solar power, but the residual load (demand minus production of intermittent sources) has to be covered with other sources such as fossil or biomass based production as well as potential pumped hydro production or battery storage. The CubaLinda model calculates the required ramping rates for the residual load production based on data of hourly wind speed and solar radiation and the related wind and solar production with the installed capacity.
MATERIALS AND METHODS

The CubaLinda model is so called accounting framework model which is based on decomposition of the drivers of energy demand into meaningful components [1]: (i) the energy use and; (ii) CO2 emissions. 
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(1)

where: CO2 is the CO2 emissions; TPES is Total Primary Energy Supply; FEC is Final Energy Consumption and GDP is Gross Domestic Product.
The model also calculates the Levelized Cost of Electricity (LCOE) for the different scenarios based on assumed future costs (investment costs, fuels costs and O&M costs) of different power production options.
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(2)
where: It is investment expenditures in the year t; Mt is operations and maintenance expenditures in the year t; Ft is fuel expenditures in the year t; Et is electricity generation in the year t; r is discount rate and n is expected lifetime of system or power station.
The data for the analysis is taken from the International Energy Agency (IEA) World Energy Statistics (IEA 2017), Cuban statistical sources (ONE 2018), and UN sources (UN 2017) [6,7,8]. The data for future development is partly based on expert opinions.
A general simplified structure of the Linda model is presented in Figure 1.
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Fig.1. Basic simplified structure of the Linda model.
In the CubaLinda model the economy is divided in different sectors; agriculture, industry, transportation and services. The energy use is divided in different Fuels and Electricity. In the model the energy intensity defines how much economic output is generated with a certain amount of energy use. This is in the model divided into: (i) electricity intensity, (ii) fuel intensity and divided for different economic sectors.

The model user can construct different economic scenarios by choosing different economic growth rates for different sectors of economy. Different economic structures will affect the energy demand since the energy intensities are different in different economic sectors. By changing the energy intensities in the scenarios the user can have an impact on the final energy demand. The energy intensity of a sector can decrease due to introduction of a more efficient technology or shift to less energy intensive products or production structure
Load curves

The CubaLinda model uses load curves for different sectors of economy to analyse the future electricity demand. The model user gives the future hourly load curve for different sectors of the economy. The load curves are given for weekdays and weekends as well as for the different months of the year. They are also given for all the future years of the scenario. Figures 2 and 3 show the given load curves for household sector and commercial sector in January on weekdays.
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Fig.2. Load curve for household electricity consumption for a weekday in January in the basic scenario (percentage of the sectoral maximum load).
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Fig.3. Load curve for commercial sector electricity consumption for a weekday in January in the basic scenario (percentage of the sectoral maximum load).

The CubaLinda model constructs load curve for future days based on the economic development in different sectors, electricity intensity in different sectors and changes in the daily load curve structure.
Production

The electricity production by the intermittent renewable energy sources, solar and wind, are calculated in the model based on hourly data on wind speed and solar radiation. The daily solar radiation in Santiago de Cuba and the hourly curve of Figure 4 are used for constructing the hourly solar radiation for the whole year.
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Fig.4. Hourly solar radiation curve for one day.
The wind power production in CubaLinda model is based on the wind speed data, conversion of the wind speed to the hub height speed, power production curve of a typical wind turbine and the installed capacity of wind power. Figure 5 shows wind speed variations measured in “Jardines del Rey” for one week.
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Fig.5. Hourly wind speed measurement for one week in “Jardines del Rey” (10 m height).
For the calculation of hydro power production the rainfall data for different months is used. The monthly rainfall data is filtered to estimate the delay in the availability of water for hydro power production. The installed hydro power capacity in Cuba is very small compared to the total power plant capacity (63 MW out of the total 6000 MW) and thus the monthly changes in rainfall do not have a large impact on the total electricity production.

Bagasse is an important source of energy in Cuba. Bagasse is used mainly in the months from October to March for electricity production in the sugar factories. The government plans to introduce wood based power production in the future is taken into account in the CubaLinda model by adding biomass based production especially during the months of low loads in bagasse based production.
Balancing the demand and supply.

In the electricity system the demand and supply have to be in balance every hour of the year. The CubaLinda model calculates the electricity demand for every hour of the year and matches the supply to this. For the calculation of different types of production the so called residual load is first calculated. Residual load is the hourly demand minus the hourly production by the intermittent renewable energy sources, wind and solar. 
The production of residual load has to be carried out with power plants that can be controlled such as fossil fuel condensing power plants or hydro power plants (or using the storage if it exists). In Cuba the hydro capacity is so small that it cannot solve the problem of grid balancing. The model allocates the residual load for the fossil power plants and the user can give them a priority order to define which type of power plants produce and how big share of the residual load. In addition, the model calculates the required ramping rate for the residual load production. The ramping rate is calculated for required 1 to 6 hour maximum (increase) and minimum (decrease) changes in residual power production as well as average increase and decrease of power production.
RESULTS
Basic scenario

In the Linda model the user constructs scenarios by choosing economic growth rates for the future. A basic scenario for Cuban economic development up to 2050 is presented in Figure 6. This basic scenario is based on historical growth rates, government plans and assumed changes in future sectoral growth.
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Fig.6. A scenario for future economic development in Cuba.
By changing the future growth rates for different sectors of the economy and the energy intensities (fuel use and electricity intensity) the user can construct scenarios for energy use in different economic sectors. Figure 7 shows the sectoral final energy use in the basic scenario in Cuba.
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Fig.7. Sectoral final energy use in different economic sectors in Cuba in the basic scenario.
For the electricity production scenarios the model user has to define how much new power plant capacity will be constructed and whether old capacity will be decommissioned. Figure 8 shows the electricity consumption in different sectors in the basic scenario. The new power plant capacity for renewable wind and solar power production is taken from the Cuban government plans for future energy matrix changes. 
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Fig.8. Electricity consumption in different sectors of economy in Cuba in the basic scenario.
Figure 9 shows a scenario for future power plant capacity. In this scenario the old power plants still remain, but their use is reduced in the model. The new power plant capacity for renewable wind and solar power production is taken from the Cuban government plans for future energy matrix changes. The installed capacity for solar, wind and biomass based power is shown in figure 10 for 2040.
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Fig.9. Installed power plant capacity in Cuba in the basic scenario.
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Fig.10. Installed solar, wind and biomass based electricity production capacity in Cuba in the basic scenario in 2040.
Electricity production with different types of power plants is calculated in the CubaLinda based on hourly modelling. The results of the basic scenario are presented in Figure 11.
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Fig.11. Electricity production with different energy sources in the basic scenario based on hourly calculation.
The CubaLinda model also calculates the fuel use and the CO2 emissions related to fuel use in the scenarios. The results of the basic scenario are presented in Figure 12. It can be observed that even though the energy consumption increases the CO2 emissions decrease, renewable energy sources cover 24% of the consumption.
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Fig.12. CO2 emissions from fuel use in Cuba in the basic scenario.
In order to calculate balance between generation and demand, the model allows the hourly calculation of electricity production.  Figure 13 shows the electricity production in one day in 2040 in the basic scenario. In this case you can observe that the production from wind power, solar power and biomass power exceeds the demand between 14 and 15 o’clock. This indicates that there is a need for storing the excess electricity in the case where solar and wind capacity has grown considerably high. 
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Fig.13. Electricity production by different power plants in one day in April in 2040 in the basic scenario.
The figure 14 shows the ramping rate envelope in the basic scenario. The ramping rate figure illustrates that there can be maximum increase power demand of more than 1000 MW within one hour and about 3500 MW within two hours. Such fast changes require considerable controllability from the fossil based power plants.
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Fig.14. Ramp rate envelope in Cuba in 2040 in the basic scenario
Figure 15 shows the Levelized Cost of Electricity in the basic scenario. The figure illustrates that the large investments for solar and wind power temporarily increase the production cost of electricity, but in the longer term they can reduce the costs considerably.
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Fig.15. Levelized Cost of Electricity in the basic scenario
REN scenario

In the Renewable energy scenario, REN, it is assumed that there will be considerably more investments in the wind and solar production capacity. The installed power plant capacity in the REN scenario for 2040 is illustrated in the Figure 16.
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Fig.16. Installed power plant capacity in Cuba in the REN scenario.
Electricity production with different types of power plants in the REN scenario is shown in Figure 17.
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Fig.17. Electricity production with different energy sources in the REN scenario.

Electricity production for one day in April in 2040 in the REN scenario is shown in Figure 18. The figure indicates that there is considerable overproduction during the afternoon hours caused by large solar and wind production. This illustrates the need for storage capacity in order to shift the production peak to the consumption peak at 18-20 o’clock in the evening. With large storage capacity the demand for peak  load production could be considerably reduced.
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Fig.18. Electricity production by different power plants in one day in April in 2040 in the REN scenario.
The required ramp rates in the REN scenario are illustrated in Figure 19. With such large wind and solar capacity the maximum ramp rates become very large. The maximum increase of residual power production within two hours is about 4500 MW, which constitutes considerable challenges for the power plant control systems.

[image: image21.emf]-6000

-4000

-2000

0

2000

4000

6000

0 1 2 3 4 5 6

MW

Hours

Ramp rate envelope 2040 in Cuba REN

Max Min Av + Av -


Fig.18. Ramp rate envelope in Cuba in 2040 in the REN scenario
CONCLUSIONS

The CubaLinda model provides good possibilities to analyze different potential future economic development paths and their impacts on energy demand. It is a tool to investigate the different options for future electricity supply in order to respond to the demand and its changes. The model decomposes the energy use in different components and provides possibilities to assess the development of these components in the future.

The analysis of the Cuban energy system using CubaLinda model indicates that the structure of the economic development has a distinctive impact on the energy demand because the energy intensity is considerably different in different sectors. Cuba has large renewable energy potential because the solar and wind resources are considerably large. Utilization of these resources, however, requires large investments. But renewable energy source can save money needed for the import of fossil fuels. With the reduction of the price of solar PV and the wind turbines it will be more profitable to invest in these renewable resources in the long term.

Balancing electricity supply and demand can be challenging when the amount of intermittent renewable supply is increasing. The required ramping rates increase as the share of intermittent power production increases. The development of electricity storage system becomes essential with the increasing share of wind and solar power production.
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