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Abstract
Since 2010 there has been significant growth in grid connected wind power development in the Northeast (NE) region of Brazil. Installed wind power capacity is expected to exceed 10,000MW by 2018 in the NE state of Bahia, Ceará and Rio Grande do Norte. Therefore the aim of this study is to examine the impacts and benefits of integrating wind energy, into the electricity grid of these states. The technically viable maximum penetration of wind energy generation in the NE region (without energy storage or exports) was estimated to be 65% of the average annual electricity demand, but at certain times a small amount of wind energy would need to be curtailed. In order to guarantee zero curtailed energy, wind penetration in the NE would need to be limited to 32% and various techniques of integrating and smoothing variable renewable energy sources would need to be implemented including accurate weather forecasting, sub-hourly scheduling, sufficient transmission expansion and interstate balancing area cooperation.
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1. INTRODUction
The proportion of renewable energy (such as wind and solar power) is likely to play an increasing role in energy production in the coming decades. Wind power at good locations in Brazil is already more competitive than coal-fired power generation. The penetration wind power will grow significantly in the Northeast region of Brazil, and particularly in the state of Bahia, Ceará and Rio Grande do Norte in the next decade. According to the Wind Atlas of Bahia the states total wind power potential at a height of 80m above ground is estimated to be 39,000MW [22] which would be more than sufficient to supply the total electricity demand of the entire Northeast region. However, as wind power technologies is a variable technologies (that is, the amount of energy production cannot be easily regulated to match demand) the main difficulty is not with the amount of wind resources available, but rather the smooth integration of this power sources into the electricity grid. The solution to integrate electricity generation from intermittent sources is likely to involve the development of various techniques including smart grids, forecasting, controlling hydroelectric plants on a sub-hourly bases to enable gap filling, interstate balancing and energy storage systems.

Wind power penetration is greater than 15% in 4 countries in the world including Denmark and Portugal where wind power contributes 30% and 20% of electricity consumption respectively [12]. However, more research needs to be conducted on the practical challenges of large scale integration and storage for wind and solar power.

1.1. Objectives

The main objective of this study is to evaluate the technical and environmental advantages and disadvantages of integrating wind energy into the electricity grids of Bahia, Ceará and Rio Grande do Norte. Average daily wind generation combined with existing hydroelectric plants in the NE will be simulated with wind penetrations ranging from 32-65%. The study aims to determine the maximum technically feasible penetration of wind energy (without energy storage systems) in terms of its ability to reliably meet the hourly electricity demand in Bahia, Ceará and Rio Grande do Norte with minimal curtailed energy. A small percentage of curtailed energy is tolerable for variable renewable sources and allows for higher penetrations. However, large proportions of spilled renewable energy effectively mean that renewable generators are operating at a lower capacity factor which has the consequence of a loss in revenue. Finally the environmental advantages of a power system in the NE region where wind power replaces all fossil fuel generators will be estimated in terms of CO2 emissions reductions.

1.2. Justification

Large hydroelectric reservoirs planned in the remote Amazon and Cerrado river basins will flood tropical rain forest regions and will cause substantial greenhouse gas emissions [4]. Additionally, hydroelectric potential near populated and industrialized areas is almost entirely saturated in most of Brazil. This is particularly true for the Northeast (NE) region which receives only a small percentage of the annual total national rainfall [3]. In fact the NE’s hydroelectric reservoirs which are located in the Sao Francisco basin (one of the driest regions in the country) are already over exploited. As a result of the drought which began in 2012 in the NE, in 2013 hydroelectric generation only contributed 41.9% of the total electricity demand in the NE. The shortfall was supplemented by thermal power generation (mostly from fossil fuel plants) and imported electricity (consisting mostly of hydro from other regions) contributing 28.8% and 25.7% respectively. This is a marked difference to the situation in 2011 where hydroelectric generation contributed more than 70% of the total electricity demand in the NE [21]. Nevertheless, even in a drought year, the large proportion of hydroelectricity in the grid allows for substantial grid flexibility. 

Climate change will increase the demand for emissions free electricity generation such as the use of more hydropower. However another effect of climate change is that the hydroelectric potential in the Sao Francisco basin will be reduced due to more frequent and intense climate induced droughts [3]. Therefore energy storage provided by hydro reservoirs will be ideal for integrating intermittent wind power resources which can replace the lost hydroelectric energy potential [23]. In November 2013 water levels in the São Francisco basin fell to their lowest levels in 10 years with only 22% of the total capacity remaining in terms of stored energy [21]. Significant increases in wind power penetration would enable more water to be stored in the São Francisco basin.

Today installed wind power makes up approximately 3100MW or 2.3% of Brazil’s generation capacity [1]. In 2013 approximately 3.6% of the Northeast’s electricity was generated from 1570MW of installed wind farms [21]. There is an additional 3500MW of wind farms currently under construction in the NE and another 6700MW contracted for construction in the region [1-2]. This includes a total of 3540MW of wind power capacity contracted in the NE during the 2013 energy auctions [2]. If all these newly contracted wind farms are commissioned on schedule by 2018, this will see the total installed capacity of wind power in the NE grow to more than 12200MW, which is 8 times the capacity in operation today. Today the cost of electricity from wind power is 15-30% cheaper than all other sources of electricity generation in Brazil (including from fossil fuels) with the exception of large hydroelectricity [2].

2. Review of renewable energy integration studies

2.1. Summary of international literature

Delucchi and Jacobson [6], Elliston et al [8-9], Mason et al [15] and Mai et al [14], demonstrated that 100% of world energy demand, 100% of Australia’s electricity demand, 100% of New Zealand’s electricity generation and 80% of the USA’s electricity demand respectively can viably be supplied by renewable energy sources. Additionally, Mai et al [14] and Elliston et al [8] and showed that generation configurations where variable renewable energy including wind and solar PV supply up to 50% and 70% respectively of electricity demand are technically feasible. Similar to the results of Li et al [13], Eichman et al [7], and Nikolakakis & Fthenakis [16] demonstrated that by combining wind and PV resources, a synergy or complementarity is achieved, because wind turbines in California and New York State respectively produce most of their electricity during the night. Average wind speeds during a typical 24 hour day in the interior of Bahia have a similar profile, where the majority of wind power potential occurs at night [5]. Additionally de Jong et al [3] demonstrated that a seasonal complementarity exists between conventional hydroelectric availability and variable renewable resources (solar and wind power) in the Brazilian Northeast region because these renewable resources produce most electricity at the end of the dry season (August - December) when hydroelectric reservoirs are at their lowest levels.

Scorah et al [23], Eichman et al [7], Nikolakakis & Fthenakis [16] and GE Energy [10] demonstrated that in electricity networks which have low percentages of hydroelectricity and high percentages of inflexible coal power generation, it is still possible to include 25-35% of variable renewable energy with limited curtailment.

In comparison to the coal dominated electricity grids in the USA, the percentage of inflexible coal and nuclear power base-load generation in Brazil is very low (approximately 4%). Therefore it is predicted that greater penetration of wind power could be achieved in Brazil because the majority of electricity (almost 80%) is generated from flexible hydroelectricity [1, 21]. In a future scenario, due to increased demand, climate change and the effects of droughts, hydroelectricity may only contribute an average of 40% of the NE region’s electricity and 10% could come from biomass. In this scenario the remaining 50% of electricity could be supplied from variable renewable energy sources such as wind and solar power instead of relying on fossil fuels. The technical and environmental feasibility of such a matrix needs to be studied.

3. Method and materials

The work by de Jong et al [5] which estimated maximum penetration of wind power in Bahia is expanded to include the NE states of Ceará and Rio Grande do Norte. The NE matrix (not including wind power) predominantly consists of dynamic hydroelectric and agile gas (and oil) turbines. There are also a small percentage of inflexible coal power stations in the matrix, but in the future these could be displaced by cheaper and cleaner wind farms. Therefore it is assumed that the NE generation matrix has 100% flexibility and can be scheduled to follow variations in the net load curve (defined as the hourly electricity load minus wind power). Transmission line congestion issues are not considered in this study.

The average summer and winter 24 hour load curves for the entire NE region were taken from Operador Nacional do Sistema Elétrico (ONS) data [17]. The curves were normalised to the summer maximum power consumption and used to represent the hourly electricity demand of the states of Bahia, Ceará and Rio Grande do Norte. Figure 1 shows the NE load curve for both summer and winter. It can be observed that the average winter load is approximately 10% less than the summer load.
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Figure 1:  Average hourly load curve profile for the NE region for a typical summer and winter day. Source: ONS (2008).

Average hourly, daily and monthly wind power data for all the wind farms in Bahia, Ceará and Rio Grande do Norte currently producing electricity for the ONS was taken from the ONS (2013a). The normalised diurnal (average daily) wind power production for Bahia, Ceará and Rio Grande do Norte during September are shown in figures 2. The month of September was chosen because wind energy output in the NE region is highest in the month of September.
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Figure 2: Normalised average hourly wind power generation in Bahia, Ceará and Rio Grande do Norte for September 2013. Source: ONS (2013a).
By analysing the hourly diurnal (average daily), monthly and annual wind power production data in Bahia, Ceará and Rio Grande do Norte, the impact of increasing wind power penetration in the NE’s electricity grid will be examined. The viable maximum wind energy penetration before significant curtailment occurs will be estimated for each of these states individually and considering their combined installed wind power proportions forecast for 2018. Specifically for each hour of the day, the net load curves (that is, average load minus average wind power) are calculated for various wind power penetrations.

4. Results
4.1. Maximum wind power penetration in Bahia, Ceará and Rio Grande do Norte

Given that during the winter months of the year the NE’s electricity demand is less and wind production is greatest (particularly during the months of September), it is during this month that there would be an upper limit for wind power penetration without storage. Figure 3 shows the normalised NE load curve and the net load curve for Bahia, Ceará and Rio Grande do Norte.
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Figure 3: NE average hourly load curve and net load curve (load minus wind power) for Rio Grande do Norte, Ceará and Bahia (in September 2013).
In the state of Bahia the maximum annual wind energy penetration limit was estimated to be 47% for electricity generated from wind power before significant curtailment occurs. Considering the average net load curve (hourly electricity load minus average hourly wind power) for a 24 hour day in September there would be zero curtailed energy. However given the stochastic nature of wind intermittency, if the aggregate wind power in Bahia diverges above its average curve between 1:00h and 7:00h it is likely that some curtailment would be necessary.

It can be observed that diurnal wind power in Ceará and Rio Grande do Norte drops to its lowest point around 6:00h or 7:00h [19]. Additionally in both these states peak wind power generally occurs between 16:00 and 19:00h and thus the diurnal (average daily) wind power profile correlates well with the NE load curve. Therefore in both these states higher penetration limits for wind energy are expected. It was calculated that the maximum annual wind energy penetration was 52.5% and 63% for Ceará and Rio Grande do Norte respectively. That is, the net load curve drops to 0 with these annual wind penetrations during September (when annual wind energy production is at its highest). Due to the stochastic nature of wind intermittency, some small curtailment of wind energy would occur when the aggregate wind power in each of these states diverges above their average curves particularly in the month of September around 1am for Ceará and 5pm Rio Grande do Norte. When such over production of wind power eventuates, it could be exported to other states or alternatively stored in pumped hydro reservoirs to avoid spilled energy. However with larger amounts of excess wind power production, the NE’s transmission system would need to be upgraded to allow for the increase in exported and imported energy between states.

The total wind power capacity planned for installation by 2018 in Rio Grande do Norte will significantly exceeds the maximum penetration required to satisfy the state’s projected average electricity demand of 966MW [17-18]. The viable maximum wind power penetration of 63% calculated for Rio Grande do Norte would only require 1490MW of installed wind power capacity by 2018. However a total of 4420MW is actually planned for installation by 2018 which equates to an actual penetration of 190%. Therefore approximately 50% of wind power will need to be exported to other states in order to avoid curtailment.
4.2. Maximum wind power penetration in the NE region overall

A study by Hoicka and Rowlands [11] found that increasing the number of renewable energy sources such as wind and solar power across various geographical locations significantly smoothed out power generation and produced less variability. This finding is supported by ONS (2013a) data which shows that no two wind farms operating in different municipalities in the NE region recorded the same maximum hour of wind generation. As wind power capacity increases across different locations in NE it is expected that the variability and extreme instances of highs and lows of wind generation will be further reduced.

By 2018 the states of Bahia, Ceará and Rio Grande do Norte will have installed wind power capacities of 3140MW, 2460MW and 4420MW respectively, and together these states will comprise more than 80% of the total wind power capacity in the entire NE region [1-2]. Combining the average hourly wind power generation from these 3 states results in a complementarity and the maximum wind penetration for the entire NE can be roughly estimated. Therefore the weighted average (based on each state’s 2018 installed capacity) of the hourly wind power profiles shown in figure 2 was calculated and used to estimate the net load cure for different penetrations of wind power in the NE region. The results are shown in figure 4.
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Figure 4: NE load and net load curve (load minus average wind power from Bahia, Ceará and Rio Grande do Norte combined) for September 2013.
The viable maximum wind energy penetration for the NE region was estimated to be 65%, however, this would result in a small amount of curtailed energy especially when wind power production in the NE deviates above the average curve. With 43% wind energy penetration wind farms in the NE could operate up to a combined capacity factor of 75% at any hour of the day and there would be zero curtailed energy. With 32% wind penetration all wind farms in the NE could operate at any hour of the day up to their combined installed capacity (or at a capacity factor of 100%) and no electricity would be curtailed. This more rigid penetration limit guarantying zero spilled energy, considering Bahia, Ceará and Rio Grande do Norte as individual power systems, was calculated to be 32%, 33% and 33% respectively.
5. Conclusion

In 2013 almost 34% of the NE’s electricity demand was generated from thermal power sources (including 29% generated within the NE and up to 5% imported thermal power generation). If all this thermal generation was substituted with wind energy (which has a lower generation cost than fossil fuels), this could reduce CO2 emissions by approximately 16 million tonnes per year. This scenario is both technically viable and foreseeable before the end of the decade. The penetration limit of wind energy generation in the NE region (guarantying zero spilled energy and without energy storage or exports) was calculated to be 32% of the annual electricity demand. Allowing for small amounts of wind energy curtailment during hours of low net load, the viable maximum wind energy penetration in the NE was estimated to be 65%.
It is estimated that the average electricity demand for the entire NE will reach 13600MW by 2018 [18]. The average wind power generated from wind farms in Bahia, Ceará and Rio Grande do Norte by 2018 should total approximately 4075MW assuming that wind farms in these states will operate with a capacity factor of around 40-41%. Therefore by 2018 it is estimated that wind power from these 3 states alone, will generate 30% of the NE region’s total electricity demand. Considering all the wind farms in the entire NE region contracted for operation by 2018, it is estimated that wind power will generate up to 36% of the NE’s annual electricity demand by 2018 and this could reduce the need for electricity generation from thermal power sources in the NE to zero. Moreover, with a wind penetration of 36%, all wind farms in the NE region could operate with a combined capacity factor of up to 90% during hours of low net load and zero energy would be spilled provided the NE region has implemented sufficient transmission infrastructure to allow for interstate balance, sub-hourly scheduling and accurate weather forecasting.
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