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Abstract
Northeastern Brazil has a significant potential in wind and solar radiation, available land and an urgent need to create economic alternatives to mitigate poverty. At the present, more than two thirds of wind farms in the country are installed or being developed in the region. As their electric infrastructure are designed to full rated power, in this study it is explored the complementarity of energy production using solar PV in the same land and infrastructure of the windfarm. Five different regions with eight data points were analyzed in terms of wind and solar radiation regimes. A wind power typical day and year were constructed and a PV performance simulation was done. Using Solar PV together with wind power results in a smoother energy and could add about 20% more energy, using the same transmission system. Wind and solar energy as a single grid hybrid power plant grid connected is the next renewable solution to be explored. 
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1. INTRODUCTION
Renewable energy is considered a key factor for a sustainable society [1]. The way to mitigate energy risks under the climate change extremes events, as such as the prolonged drought in Brazil, and at the same time address the poverty problem goes through energy efficiency and the usage of renewables. Studies about climate change impacts on a short and long future availability and reliability of wind power indicate that wind will continue to be an alternative for expanding renewables [2]
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Brazil’s energy matrix relays mostly on renewable sources, with more than 59.8% from hydropower generation and 4.8% from wind power[5] .The hydroelectric power generation is based on water reservoirs, most of them located in the subtropical region, where the precipitation is highly interconnected with ENSO phenomena [6]
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Since 2009, Brazil uses wind for electricity generation, achieving more than 7 GW up to 2015 and have a projected wind power scenario of 27GW, by 2023. More than 68% of these wind farms are located in the Northeast region [9] due to the vast, yet not totally explored, wind potential[10] and land availability. Solar photovoltaic (PV) energy is growing fast, with a significant solar potential estimated for the same region[11]. Northeast Brazil’s is under a semi-arid climate with many recurrent dry years. It is hash to have agriculture or cattle as economic activity in a dry soil with such volatile water availability. The use of the land for renewable energy “harvest” would mean a significant, stable, steady earning and an effective tool to mitigate poverty.

In general, a wind farm siting leaves free surfaces to install a photovoltaic power plant free of shading effects [12] if considered the distance required between turbine lines to minimize wake, to allow service roads, substation and environmental constraints. Worth to mention that in the Northeast the majority of wind farms are oriented south-north due the predominant easterly trade winds. 

This study focus on the use of wind (W) energy associated with solar photovoltaic (PV) as a complementary system, using the electrical infrastructure previously installed for windfarms. As the Brazilian national grid operator requires windfarms to be projected to convert the full rated power to the system, and in general, the windfarm in the region have a capacity factor range of 40-55%, letting some bandwidth to insert solar. A positive synergy between the two energy plants is expected due operation costs reduction, grid connection, environmental permits and energy reliability. 
2. Location and Database 
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The subject of this work comprehends the region where more than two thirds of brazil’s windfarms are installed[9]. According to their distribution the region was divided into five (5) areas, as shown in Fig. 1. Area 1 comprehends the north nearshore portion of Ceará and Rio Grande do Norte, where the predominant large scale trade winds and sea breeze circulation have different patterns of interaction, according to the coastline shape and orientation. For this area two datasets near the shore (1A and 1B) and one at higher elevations (1C), approximately 60 km distant form the coast were analyzed. The area goes from a dry period from July to February and the short rainy season  from March to June which is quite related to the  variability of sea surface temperature at Pacific and Atlantic Oceans [13]. Area 2 goes alongside the east shore of the region, under a tropical humid climate with trade winds associated with the sea breeze circulation. Two sits represent the area one by the seashore (2A) and another in the south-westward direction approximately 20 km inland (2B). Area 3 site represents a complex plate called Borborema Belt with a climate transition from tropical humid to semiarid. Area 4 site is located in a continental plateau into the semi-arid caatinga (savannah) where a significant share of new wind and solar farms are being installed. Area 5 site illustrated the windfarms in high-altitude semiarid climate area, known as São Francisco Craton, with a high density of operational wind farms in Brazil. 

Figure 1 – North-eastern region with the 5 focal areas of study. Shading represents higher elevations.
2.1 Wind Data 

It was used anemometric measurement campaigns for each site, with a minimum three-year long period at 100 meters’ height, with wind speed and direction averaged every 10-minute interval. Confidentiality agreements do not allow the identification of the exact locations from where data were extracted. All datasets undergone through a quality analysis process with anomalous or flagged data discarded. Wind had a 99% of recovery rate (speed and direction). 

Wind data were grouped in a cumulative frequency distribution with 0.5 m/s intervals and fitted in the Weibull distribution, which is the most widely used statistical tool to analyze the characteristics of wind regime [14–17]. The shape factor k and C were found. The k and C parameters for all sites indicate the effect of the trade winds sustainable easterly wind pattern with narrow departure from the average.
The wind regimes shown in Fig. 2 indicate some differences. Area 1 shown in a) has two coastal sites (A and B) with a diurnal cycle; the difference between the hours of maximum and minimum are due the coastline orientation; while site A has a southwest-northeast line where sea-land circulation competes with the trade winds, resulting in blow average wind up to 2p.m., site B has a southeast-north western coast alignment with a diurnal wind pattern once the sea breeze peak and trade winds are aligned. Site C has a typical hills nocturnal pattern. It is interesting to point out that the average for the three sites ends up as a smother and steady cycle with less than 0,8 m/s of interval between the higher and lower winds. Area 2, at easternmost tip of the country has a typical coastal wind regime, with a strong diurnal wind speed (Fig. 2-b)). These two sites have higher shape factor which highlights the association of large scale trade winds and sea breeze circulation, perpendicular to the shore. 

The higher elevation inland areas as in site 3, 4 and 5 have local valley-mountain circulation with a mostly nocturnal wind regime. Some differences shown in Fig. 2-c) are due to geographic distinct configurations. The wind annual cycle, shown in d), indicates all eight sites with low wind speed during rainy season (March to June) and the strongest winds from august up to October (dry season). 

The wind power density was calculate using the equation of kinetic energy of air masses with a swept are of a 125-rotor turbine and the air density at each site, as shown in Table 1 with some characteristics of the wind pattern. In terms of power density all sites have a reasonable (250 - 400 W/m2) potential for wind energy. 
Table 1 - Wind Characteristics with site elevation, averaged velocity at 100 meters, Weibull parameters (k and C), air density at the site, power density and months of maximum and minimum wind velocity
	Area
	Site
	Elevation (m)
	Average Wind at 100 meters (m/s)
	k
	C

(m/s)
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 (Kg/m3)
	Power Density (W/m2)
	Max
	Min

	1
	1A
	30
	8,6
	4,1 
	9,5 
	1,14
	362,8 
	SEP
	MAR

	
	1B
	10
	9,1
	3,9 
	9,8 
	1,15
	399,2 
	OCT
	APR

	
	1C
	800
	8,0
	3,4 
	8,9 
	1,07
	277,6 
	OCT
	APR

	2
	2A
	20
	8,1
	4,3 
	8,9 
	1,16
	304,4 
	OCT
	MAR

	
	2B
	70
	8,0
	4,7 
	8,7 
	1,15
	293,3 
	SEP
	APR

	3
	3
	800
	8,4
	4,2 
	9,2 
	1,04
	299,5 
	AUG
	APR

	4
	4
	800
	9,2
	3,0 
	10,4 
	1,06
	416,8 
	AUG
	MAR

	5
	5
	825
	8,3
	3,4 
	9,3 
	1,07
	308,8 
	SEP
	MAR
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Figure 2 - Wind regimes: a) Typical day for Area 1 (A, B and C sites); b) Typical day for Area 2; c) Areas 3, 4 and 5 hourly averages of a typical day; and d) monthly wind oscillation for all sites.
2.2 Solar Radiation

Hourly averages of global horizontal radiation data (GHI), measured by a first class pyranometer, air temperature, relative humidity and pressure with roughly 10 years of measurement were extracted from Brazil’s National Meteorological Institute (INMET) database. A measurement within 50-km radius of each windfarm was selected to the analysis. After a quality assessment analysis 85% data were considered in the study. A compilation of averaged variables for all the sites and its characteristics are shown in Table 2. As some stations were at a different elevation than the wind farms, temperature, humidity and pressure were corrected using the adiabatic lapse rate and hypsometric equation. Fig. 3 shows the daily and annual pattern of solar radiation. As Northeast has a rainy season driven by intertropical convergence zone (ITCZ) displacement [18,19], the minimum radiation period occurs at the rainiest month and the maximum during dry season as illustrated 

Table 2 - Global horizontal radiation (GHI), mean temperature, relative humidity (RH), and month of higher and lower radiation for each site.

	Area
	Site
	Latitude (°)
	Longitude (°)
	Elevation (m)
	GHI (W/m2)
	Mean Temp
 (°C)
	Relative Humidity1 (%)
	Max
	Min

	1
	1A
	5,2 S
	36,5W
	7
	5,8 
	25,6
	79,9
	SEP
	JUN

	
	1B
	3,8S
	38,5W
	29
	4,9 
	25,9
	75,1
	SEP
	MAY

	
	1C
	4,3S
	41,8W
	458
	5,9 
	23,4
	66,4
	OCT
	MAY

	2
	2A
	5,2S
	35,5W
	10
	6,6 
	26,7
	74,5
	OCT
	JUN

	
	2B
	5,8S
	35,2W
	47
	6,0 
	26,4
	75,3
	NOV
	JUN

	3
	3
	8,4 S
	37,06W
	684
	5,7 
	22,4
	67,2
	OCT
	JUN

	4
	4
	7,1S
	40,1W
	678
	5,8 
	25,4
	60,9
	SEP
	MAY

	5
	5
	10,5S
	41,2W
	646
	5,3 
	23,9
	61,5
	SEP
	JUN
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Fig. 3 – Solar radiation data. In a) the typical irradiation day; and b) the typical annual cycle.
3. Methodology and Results

For the study, it was used a 3 MW turbine with 125 meters’ rotor diameter at 100 meters’ axle height. The electrical power output was estimated using energy generated according to the power curve for each wind speed 10-minute interval. As the power curve used was at standard density, i.e., [image: image4.png]p =1.225kg/m?



 , wind velocity went through an adjustment according to the local air density for each site. The follow relation was used as recommended by the IEC 61400-12-1[20]:
[image: image6.png]



(1)

With that, it was obtained the average hourly energy generation for each month. From the energy results, it was subtracted a standard loss amount of 13% of the energy (availability, wake, electrical transmission, shutdown time and environmental).  

A 1MW solar PV farm was designed containing: Si-poly modules of 320Wp each (16.46% efficiency), an inverter of 1000kW and one axis tracking system (-60°/+60°). The arrangement resulted in 28 PV modules in series and 145 strings in parallel, in a 6 meters’ pitch, with a PV array global power of 1,299kWp with a DC/AC ratio of 1.3. Averaged year of GHI and temperature data, as well as the PV arrangement, were insert in the PVsyst [21–26], a solar PV simulation performance modelling software, developed by the University of Geneva.  For the incident irradiance calculus was used Perez’s transposition model. For the simulation PVsyst ran in default regarding the losses (mismatch, soil, thermal, ohmic, shading, others).
As this work aims to use full wind farm substation transformer power rate (limited to ≤ 115%) with addition of solar energy, maximize the daily electricity production and, at the same time, minimize the downtime wind energy season. At last, avoiding curtailment time was desirable but not imperative letting, if necessary, a small percentage of potential curtail. After simulations, a fraction of solar for daily and mix daily/night wind pattern was found as,

[image: image8.png]Solargy = Wind, » (1 — CRy) = (1 - CFyy)




( 2)

for the entirely nocturnal wind pattern where the sunrise (sunset) are the turning point to a below (above) averaged wind, the best relation to estimate solar amount is, 

[image: image10.png]Solarsy = Wind, * (1 — CF,,)



  
(3 )

where,

[image: image12.png]Solarpy




is the solar PV power amount as complementary to the wind farm;
[image: image14.png]Wind,




is the total installed wind power;
[image: image16.png]CE,,





wind power capacity factor; 

[image: image18.png]CFpy





PV power capacity factor.
For comparison, a typical windfarm with 30MW was considered for each site. The best fit of solar is calculated by the using Eq.2 (Area 1 A and B, Area 2 A and B, Area 4) and Eq.3 (Area 3 and 5 with nightly wind regime). The simulation results are shown in Table 3. The different capacity factor for wind farms, in this experiment, are due only to the wind distribution. In a real wind farm, orography, soil use, wake effects and transmission line distance would play a significant weight on results. Fig. 4 illustrates the energy production of two different wind regimes. The parts a) and b) show the near coast wind farm with production during the day as well as solar. The amount of solar added is less than one third of wind. As the production cycle coincides there is some power curtail in place, mostly for the windy months between 11a.m and 1 p.m. During the weak wind months, solar PV complement the production adding from 26 to 46% in energy. 
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Fig. 4 – Two wind patterns: a) and c) typical diurnal (nightly) wind power production with associated solar (PV), the hybrid system (wind + PV) and the maximum hourly production. The dashed vertical line indicates the transformer limit. In b) and d) the annual cycle for a daily (night) wind regime with wind, solar (line), hybrid (wind + PV), and the maximum hourly power generated in each month.

Table 3 – Wind and solar PV complementarity for all wind regimes.
	Area
	Site
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	Curtailment hours-(>115% Transformer load
	Energy Added

(%)
	Energy added in low wind month (%)

	
	
	
	
	
	Month
	Time of day(hour)
	
	

	1
	A
	0.59
	0.32
	8
	Aug
	08-09
	17%
	Mar
	38

	
	
	
	
	
	Sep
	08-10
	
	Apr
	27

	
	
	
	
	
	Nov
	14
	
	May
	21

	
	B
	0.61
	0.25
	9
	Aug
	11-14
	12%
	Mar
	16

	
	
	
	
	
	Sep
	10-14
	
	Apr
	19

	
	
	
	
	
	Oct
	09-14
	
	May
	13

	
	C
	0.49
	0.32
	10
	Aug
	08-09
	23%
	Mar
	22

	
	
	
	
	
	Sep
	07-09
	
	Apr
	27

	
	
	
	
	
	Oct
	07-09
	
	May
	26

	2
	A
	0.52
	0.33
	10
	Sep
	12-13
	22%
	Mar
	31

	
	
	
	
	
	
	
	
	Apr
	28

	
	
	
	
	
	Oct
	11-13
	
	May
	23

	
	B
	0.57
	0.32
	9
	
	
	24%
	Mar
	19

	
	
	
	
	
	
	
	
	Apr
	21

	
	
	
	
	
	
	
	
	May
	17

	3
	3
	0.52
	0.31
	16
	Aug
	09
	30%
	Mar
	40

	
	
	
	
	
	Sep
	08-10
	
	Apr
	30

	
	
	
	
	
	Oct
	07-08
	
	May
	30

	4
	4
	0.56
	0.32
	9
	Jul
	07-10
	17%
	Mar
	22

	
	
	
	
	
	Aug
	07-11
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1. ConclusionS
In this study wind and solar radiation regimes for Northeastern Brazil region were assessed. Even though the whole region is under the trade winds influence, different wind regimes were found indicating that a combination of wind farm could result in a smoother power generation daily cycle. 

Solar radiation has a significant potential in the region as showed by the resultants of the PV simulations. Power production from both renewable sources were simulated and two equations to the best amount of solar fit in any wind farm power production pattern were found.

A wind and solar PV system in the same electrical infrastructure as a hybrid was quite studied in  a standalone generation system [27]. 

Even though the national power grid operator does not allow a hybrid wind/solar system to be connected at the present there is a bottleneck in the transmission system. Exploring the full rated power at a windfarm with solar would add in average 20% more energy to the grid per year. 

In sites with daily wind pattern, solar PV would complement weak wind morning hours. At peak hours of solar and wind, usually late morning to early afternoon, instead of curtail, the solar energy surplus could be used to allow turbine maintenance or low turbine availability. 

Solar PV would add more than 30% energy to the critical months of weaker winds, as March and April in Northeast region.

Examining the annual cycle for the two renewable sources is fair to conclude that they are a natural complement to the hydropower generation once they the peak of generation during the dry and sunny months.

This study succeeded on demonstrating the complementarity of wind and solar energy in Northeast Brazil and indicates that hybrid wind and solar plants may maximize the usage of the two renewable resources. 

For future research it is suggested to evaluate the potential complementarity among all regions in Brazil in a 10 minute interval. 
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