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Abstract: Solar photovoltaic (PV) generation technology stands out as a scalable and cost-effective 17 
solution to enable the transition towards decarbonization. However, PV solar output, beyond the 18 
daily solar irradiance variability and unavailability during nights, is very sensitive to weather 19 
events like hurricanes. Hurricanes nucleate massive amounts of clouds around their centers, shad- 20 
ing hundreds of kilometers in their path reducing PV power output. This research proposes a spa- 21 
tiotemporal method, implemented in MATLAB coding, to estimate the shading effect of hurricanes 22 
over a wide distribution of PV solar plants connected to a high voltage power infrastructure called 23 
U.S.-Caribbean-South America super grid. The complete interconnection of the U.S., Caribbeans, 24 
and South America results in the lowest power valley levels, i.e., an overall percentual reduction in 25 
PV power output caused by hurricane shading. The simulations assess the impact of hurricanes in 26 
ten synthetic trajectories spanning from Texas to Florida. The Caribbeans would also experience 27 
lower power valleys with expanded interconnectivity schemes. U.S.-Caribbean-South America su- 28 
per grid reduces Caribbean variability from 37.8% to 8.9%, in the case-study. The proposed spatio- 29 
temporal method for PV power profile estimation is a valuable tool for future solar power genera- 30 
tion expansion, transmission planning, and system design considering the impact of hurricanes. 31 

Keywords: Hurricanes; power profile assessment; power variability; PV solar; renewables; spatio- 32 
temporal method. 33 
 34 

1. Introduction 35 

1.1. Background 36 
Anthropogenic-induced climate change has been linked to increased magnitude of 37 

hurricanes and precipitation in the Atlantic and Gulf Coasts, Hawaii, and Puerto Rico [1]. 38 
The causes of the increasing number of major hurricanes in the North Atlantic are credited 39 
to both climate change (higher ocean heat, sea surface temperature and cloud cover mois- 40 
ture) and climatic variability (El Niño Southern Oscillation and the Atlantic Multidecadal 41 
Oscillation [1].  42 

Regardless of the causes and underlying mechanisms, still under investigation from 43 
weather and atmospheric scientists, this research focus on the effects of hurricanes. 44 
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Hurricanes cause major impact on electrical grids, specifically on the large-scale PV solar 45 
power generation capacity. The overall systemic impact of hurricanes on large-scale PV 46 
capacity integrated in high voltage super grids is not very well understood yet.  47 

1.2. Literature Review 48 
This brief review on the technical literature explores primarily two multidisciplinary 49 

domains: the impact hurricanes shading on PV solar power profile and the grid integra- 50 
tion facilitated by large-scale power interconnectivity schemes, namely, super grids. No- 51 
tably, these domains are seldom investigated together in existing literature. Consequently, 52 
this concise review adopts a distinct approach to provide a clear understanding of the 53 
context within the current body of literature, addressing identified gaps to be covered in 54 
this research. 55 
1.2.1. Hurricane shading on PV power 56 

In 2020, Cole et al. estimated the shading impact of hurricanes on a PV power plant 57 
in the US by collecting spatial-temporal weather data of the National Solar Radiation Da- 58 
tabase and applying to a software tool called System Advisor Model (SAM) [2]. They ob- 59 
served a reduction of PV power to 18 to 60% during the hurricane. Their simulations are 60 
specific to estimation of Hurricane Ike (category 4) impact on an assumed 200 MW PV 61 
plant in Galveston, Texas, with fixed-tilt angle of 20 degrees, and azimuth orientation of 62 
180 degrees [2]. Their data-driven estimation included the effect of hurricane winds in 63 
cooling the PV array, and supposedly improving energy-conversion performance. They 64 
observed 5 days hurricane impact with major decay around 72h of the passage of the hur- 65 
ricane eye and suggesting such period for specification of battery autonomy for critical 66 
loads [2].  67 

In 2021, Ceferino et al. elaborated a stochastic modeling of solar irradiance during 68 
hurricanes. They compiled data from the revised Atlantic hurricane database (HURDAT2) 69 
of 22 historical hurricanes crossing the Caribbeans, the Gulf of Mexico and making land- 70 
fall in South coast of the US. [3]. They proposed four different parametric models of solar 71 
decay of a PV solar power plant and demonstrated consistency of the best one in compar- 72 
ison with the power density obtained by Cole et al. in 2020 [2]. While the association of 73 
hurricanes and impact on wind power is direct due to the strong kinetic energy released 74 
in a hurricane, the association of hurricane shading and solar power is not much noticed. 75 
The literature about hurricane shading and PV solar is very scarce.  76 
1.2.2. Super grids 77 

The worldwide expansion of transmission systems is much critical as clean energy 78 
transitions progress. New transmission lines are needed to be added or refurbished by 79 
2040 to support nations to achieve their targets for greenhouse emissions reduction by 80 
renewables [4]. Super grids are high voltage transmission interconnectivity schemes for 81 
GW-scale cross-border power trading among countries and territories [5]. Super grids 82 
have been in ongoing or recent construction in the Europe [6], Southeast Asian countries 83 
[7], interregional China [8],[9] and Euro-Asia interconnector [10]. Super grids have been 84 
proposed and investigated for interconnection of Europe-North America [11], Mongolia- 85 
Russia-Japan-South Korea-China [12], China-South Korea-Japan [13], Japan-Taiwan-Phil- 86 
ippines [14], Australia-Indonesia-Singapore [15], U.S.-Caribbeans-South America [16], 87 
Latin America [17], interregional North America [18], and Africa [19].  88 

Super grids find application and value proposition for example in situations where 89 
two or more intermittent renewable sources are complementary but distant from each 90 
other, the demand is not flexible and energy storage is poorly available. Also, super grids 91 
have been investigated for enhancement of energy security between nations.  92 

1.3. Research Gaps and Motivation 93 
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Research gaps are observed in the interdisciplinary space between hurricane shading 94 
on PV plants and systemic impact on large-scale super grids.  The research gaps can be 95 
summarized into three classes. 96 

The first one is the need for a tool to assess the impact of hurricanes on a multitude 97 
of PV power plants. The estimation method proposed by Cole et al. in 2020 focused just 98 
on one PV plant [2]. For being case-specific, their findings cannot be extrapolated for sev- 99 
eral PV power plants, in different fixed-tilts, located at different distances from the hurri- 100 
cane trajectory, possibly not covered by the database. It also remains to be addressed the 101 
non-critical loads, represented by power customers who cannot afford power backup sys- 102 
tems. Such case-specific limitations do not blur the merits of their findings, which are still 103 
very relevant for the validation of the order magnitude of the results of this research. 104 
However, such limitation is an important gap explored in this research. 105 

The second gap is derived from Ceferino et al. [3]. One of the limitations of the 106 
Ceferino’s model, similarly to Cole et al., is that it does not extend the analysis to large- 107 
scale renewable power grids. This limitation is addressed in this research with the incre- 108 
ment of quantity and distribution of PV solar plants along the countries served by the 109 
proposed U.S.-Caribbean super grid with and without extension to South America. 110 

The third gap is the assessment of hurricane shading impact on PV power variability 111 
in super-grids. Despite vast literature, to be best of authors knowledge, super grids have 112 
never been investigated with exclusive interdisciplinary focus on the impact of hurricane 113 
shading on PV solar power plants. This is relevant because PV solar is in accelerated on- 114 
going expansion. This is the research gap is explored by this research. 115 

1.4. Challenges 116 
This research proposes a method for estimation of PV solar power profiles aggre- 117 

gated into a super grid with the impact of hurricane shading. This research analyses dif- 118 
ferent options of large-scale interconnectivity schemes for the proposed U.S.-Caribbean- 119 
South America super grid. Large amount of PV capacity concentrated along the hurricane 120 
trajectory (such as in the US contiguous territory) causes high aggregated power valleys.  121 
In this research, power valley is the magnitude of drop of power profile of PV plants 122 
caused by hurricanes. 123 

From the perspective of solar irradiance, major hurricanes attract to its center eye 124 
large amounts of clouds, barring the full penetration of clear sky solar energy to the 125 
Earth’s surface. Given its size not rarely exceeding 500 km radius, it causes significant 126 
spatiotemporal shading along its track over PV solar power plants for extended period 127 
and coverage [3] 128 

From the perspective of power grid integration, the current endeavor to expedite the 129 
deployment of renewables in the energy transition away from fossil fuel, is pushing for a 130 
much-needed large scale interconnection of local high voltage power grids. According to 131 
the IEA, transmission lines length needs to be double in the U.S. and expanded 2.4 times 132 
worldwide, from the 2021 status until 2050 in the announced pledges scenario [4] for re- 133 
newables expansion. Power transmission lines not just allow the efficient power flow from 134 
renewable power generation to consumers, but also supports the balancing of supply- 135 
demand power transactions, by cutting the intermittent renewables power peak in one 136 
geographical location to fill the power valley in other sections of the integrated power grid 137 
[20]. However, overhead aerial transmission lines are extremely vulnerable to hurricane 138 
wind forces [21] and aesthetics of towers and lines are perceived as having a negative 139 
influence on the landscape by land property owners and residents [22]. Given this chal- 140 
lenging context, power transmission based on submarine subsea cables, which is inher- 141 
ently resilient to hurricanes and immune to land property compensation or blockade, 142 
demonstrates a value proposition to support fast and mass deployment of intermittent 143 
renewables [16].  The main challenge of this research is to envision a realistic scenario 144 
with renewables PV, propose and implement an innovated method for PV power estima- 145 
tion under hurricanes, and deliver a tool to bridge the interdisciplinary gap between 146 
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extreme weather science and electrical power system with real world application for super 147 
grid transmission systems planning, design and large-scale power systems simulations.  148 

1.5. Contribution 149 
This research investigates the impact of hurricane shading on PV solar power plants 150 

within a U.S.-Caribbean-South America super grid topology. Originally proposed for in- 151 
terconnecting wind power plants in [16], this super grid addresses the challenge of reduc- 152 
ing power variability during extreme weather events. The study makes significant contri- 153 
butions by proposing a novel spatiotemporal method for estimating PV power profiles 154 
under hurricanes, filling gaps in the literature. Simulation results demonstrate reduced 155 
PV power variability when the Caribbean super grid is connected to the US or South 156 
America. This comprehensive and versatile method proves essential for future transmis- 157 
sion systems planning, design, and power flow simulations of renewables under extreme 158 
weather conditions. The research explores different interconnectivity schemes, emphasiz- 159 
ing the benefits of the U.S.-Caribbean-South America super grid. The study paves the way 160 
for future investigations into feasibility, cost-benefit analysis, and power estimation under 161 
non-hurricane conditions across the super grid. 162 

1.6. Paper Organization 163 
This work is organized as follow: Section 2 proposes a spatiotemporal method to 164 

quantify the magnitude of hurricane shading impact on PV solar power plants. Section 3 165 
presents simulation results using the proposed method and a comparative analysis of 166 
power profile variability under different scenarios. Section 4 presents an analysis of con- 167 
sistency of the method. Section 5 concludes the work discussing scope restrictions, merits, 168 
limitations, and future work.  169 

2. Materials and Methods 170 
The materials on this research include specific technical publications that played a 171 

critical role in establishing the input parameters for the modeling and simulation process.  172 
The proposed spatiotemporal method for estimating PV solar power profile in super 173 

grids under hurricane shading integrates models and outlines a potential expansion of PV 174 
solar capacity as a case scenario. The method was implemented in MATLAB coding to 175 
model the components of the algorithm and generate the simulation results. The proposed 176 
method integrates the following components:  177 
 Model of global irradiance on the tilted PV module [23], formulated in Appendix A.  178 
 Model of irradiance decay by hurricanes shading effect [3]. 179 
 Conversion of irradiance on PV module into power profile, as formulated in [24]. 180 
 Model of the hurricane movement over a synthetic parabolic trajectory. 181 
 Model of future PV solar capacity expansion along U.S.-Caribbean-South America 182 

super grid. 183 
 Spatiotemporal estimation of PV solar power profile of super grids under hurricane 184 

shading. 185 
 186 

2.1. Model of Global irradiance on the tilted PV module 187 
Global irradiance on the tilted PV module is a model for estimation of solar radiation 188 

peak power (kW/m2) and energy (kWh/m2) in any given latitude and day of the year. By 189 
selecting a specification of PV module technology, quantity, size of the PV cell, tilt angle 190 
and azimuth orientation, the model also generates the power profile from the PV solar 191 
plant. The details and the equations of the global irradiance model in [23] are described in 192 
the Appendix A. 193 
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The model is used to generate solar irradiance profiles of each PV plant for 14 days 194 
period. The coordinates of the PV plants are inputs for the estimation of solar irradiance.  195 

2.2. Model of the hurricane shading effect 196 
In 2021, Ceferino et al. elaborated the modeling of irradiance decay during hurricanes 197 

in function of the certain parameters. Table 1 also shows such parameters, its values and 198 
descriptions, and the sources of literature. 199 

Table 1. Parameters of hurricanes and shading. 200 

Parameters Description Michael 
(2018) 

Charley  
(2004) 

Wilma 
(2005) 

Sources 

𝐶 hurricane category 5 4 3 [20] 

𝑎  slope factor 1.97 1.97 1.97 [3] 

𝑎  slope factor 0.0965 0.0965 0.0965 [3] 

𝑏  short-distance cor-
rection factor 

1.15 1.15 1.15 [3] 

𝑏  short-distance cor-
rection factor 

-0.126 -0.126 -0.126 [3] 

𝑐  scale factor 2.48 2.48 2.48 [3] 

𝑐  scale factor -0.139 -0.139 -0.139 [3] 

𝑅𝑂𝐶𝐼 for on-
shore 

radii of the outer-
most closed isobar 

150 nautical 
miles  

(278 km) 

100 nautical miles  
(185 km) 

250 nautical 
miles  

(463 km) 

NOAA  
[25 - 27] 

𝑅𝑂𝐶𝐼 for off-
shore 

radii of the outer-
most closed isobar 

200 nautical 
miles  

(370 km) 

100 nautical miles  
(185 km) 

300 nautical 
miles  

(556 km) 

NOAA  
[25 -27] 

𝑑, 
𝑅, and 
𝑓 
 

absolute distance 
from hurricane eye, 

relative distance 
from hurricane eye, 
and functional form 

recalculated 
after each 

step 

recalculated  
after each step 

recalculated 
after each 

step 

[3] 

∆𝑡   simulation time step 1 h 1 h 1 h [20] 

𝑉   hurricane transla-
tional speed 

9.722 m/s 12.5 m/s 13.333 m/s [20] 

From data obtained from the US National Oceanic and Atmospheric Administration 201 
(NOAA), the radii of the outermost closed isobar (ROCI) value is not directly proportional 202 
to the hurricane category [25-27]. It is important to note that ROCI is associated to the 203 
extent of shading of solar irradiance, as observed in [3]. Table 1 shows a category-4 hurri- 204 
cane Charley (2004) with smaller ROCI value than category-5 hurricane Michael (2018) 205 
and category-3 hurricane Wilma (2005). The data from NOAA implies that not always a 206 
high category hurricane produces more shading than a low category hurricane.  207 

This research makes use of parameter-based equations elaborated by Ceferino et al. 208 
to represent the shading effect of hurricanes on a PV solar plant. The parametric equation 209 
proposed, and validated by Ceferino et al., in 2021, is as follows [3]: 210 

 211 
𝐼 = 𝐼 × 𝑒 ( , )       (1) 212 
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𝑓(𝑅, 𝐶) =
(𝑎 𝐶 + 𝑎 ) × 𝑙𝑛

( )

 
  , 𝑖𝑓 𝑅 + (𝑏 𝐶 + 𝑏 ) < (𝑐 𝐶 + 𝑐 ) 

0                                                  ,   𝑖𝑓 𝑅 + (𝑏 𝐶 + 𝑏 ) ≥ (𝑐 𝐶 + 𝑐 ) 
   (2) 213 

𝑅 = 𝑑/𝑅𝑂𝐶𝐼        (3) 214 

where 𝐼  is clearness factor during a hurricane, and 𝐼 is made equal to the unity in this 215 
research, for per-unit calculation. The remaining parameters are described in Table 1. 216 

Figure 1 shows the implementation of the hurricane exponential clearness factor im- 217 
plemented in MATLAB coding and based on the parametric equations (1), (2), and (3) for 218 
the parameters of hurricane Wilma (2005) with onshore 𝑅𝑂𝐶𝐼  of 463 km, shown in Table 219 
2. There are two clearness factor curves because the 𝑅𝑂𝐶𝐼 of hurricane in onshore trajec- 220 
tory may be slightly different from offshore, according to the hurricanes data tracked by 221 
NOAA [25-27]. The shading effect radii (600 and 720 km in Figure 1 extends beyond the 222 
𝑅𝑂𝐶𝐼 radius of 463 km and 556 km for onshore and offshore conditions, respectively. This 223 
overextension of shading corroborates the findings of Ceferino et al., which also observed 224 
decay extending to approximately 1.3 x 𝑅𝑂𝐶𝐼 [3]. 225 

 226 

Figure 1. Exponential clearness factor 𝐼  versus distance 𝑑.  227 

The hurricane shading effect values less than the unity means that the irradiance ab- 228 
sorbed by the PV cells is partially blocked by the hurricane clouds, reducing its power 229 
generation in proximity to the hurricane center. In this model, hurricane’s clouds do not 230 
shade PV power plants located more than 600 km and 720 km away from its eye over 231 
onshore and offshore locations, respectively. 232 

2.3. Conversion of solar energy into alternating current electric power. 233 
Table 2 shows the PV cell data and environmental parameters for the conversion of 234 

solar irradiation into PV solar power profile.  235 

Table 2. PV cell data and environmental parameters. 236 

Parameters Specification and environment variables Sources 
PV module technology monocrystalline [3] 

Tilt type  Fixed open rack (hurricane resistant) [3] 
Tilt angle  Made equal to plant latitude (degrees) [3] 

Azimuth orientation 180 degrees (North hemisphere) 
0 degrees (South hemisphere) 

[3] 

𝑃 ,  PV rated ac power output Appendix-B 
 237 
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Hurricane clouds shading reduces the total solar irradiation absorbed by the PV 238 
plants by the clearness factor during hurricane 𝐼 (𝑡). This research assumes that the PV 239 
plants have power capacity values (𝑃 , ) referred to alternating current output and 240 
are adequately sized to absorb the full peak irradiance on the PV solar plant on Sept 15th 241 
at noon. This date is conveniently selected in the middle of the US hurricanes season, from 242 
June 1st to Nov 30. The instantaneous power in each PV plant is calculated by [3]: 243 

 244 
𝑃 (𝑡) =  𝑃 , ∙  𝐼 (𝑡) . 𝐺 , (𝑡)    (4) 245 

where: 𝑃 (𝑡) is the instantaneous power profile of each PV plant, 𝑃 ,  is power ca- 246 
pacity referred to alternating current output, 𝐼  is the clearness factor, and   𝐺 ,   is total 247 
solar irradiation absorbed by fixed tilted PV module. 248 

2.4. Model of the hurricane movement over a synthetic parabolic trajectory. 249 
This subsection describes the first major piece of contribution of this research: a syn- 250 

thesis of hurricane trajectories. 251 
Historical hurricanes, tracked by NOAA [25-27] leave a trail of likely trajectories, 252 

forming a corridor of hurricanes. This corridor covers vast portions of the Caribbean Sea, 253 
Gulf of Mexico, and contiguous U.S. territory. Aiming at being comprehensive enough to 254 
obtain the worst-case scenario of PV power drop on a PV solar plant from hurricanes in 255 
all positions inside the corridor, this research modeled the hurricane movement over a 256 
band of ten parabola-shape trajectories covering the entire observed corridor. The reason- 257 
ing for pursuing the worst-case scenario is that a power grid status should be maintained 258 
at high levels of operational continuity and resilience even in extreme weather conditions. 259 
This research does not simulate a hurricane over a specific historical trajectory because 260 
there is not guarantee that it is the worst-case scenario, and that a future hurricane would 261 
exactly pass over a same specific historical trajectory. Also, the approximation of hurri- 262 
cane trajectories by parabolas has been traditionally proposed in the existing literature 263 
[16][20]. 264 

The equations for parabola-shaped trajectories for hurricanes representation are [20]: 265 
 266 

𝑦 = 𝑎 𝑥 + 𝑏 𝑥 +  𝑐        (5) 267 

where:  𝑦 is longitude, 𝑥 is latitude of the eye of the hurricane, and 𝑎 , 𝑏  , and 𝑐  are 268 
the parabola’s coefficients. 269 

The North Atlantic hurricanes corridor changes the direction with vertex at latitude 270 
𝑥  of 30o degrees and longitude 𝑦 from Texas to offshore Florida, as observed on the 271 
NOAA’s hurricane tracking system [NOAA et al]. Assuming ten equidistant parabola ver- 272 
tex points (𝑥 , 𝑦 ) in such segment, coefficients  𝑏  , 𝑎  and 𝑐  for each parab- 273 
ola trajectory can be calculated by [20]:  274 

 275 
  𝑏 = −2𝑎 . 𝑥         (6) 276 

𝑎 =  
 

 
        (7) 277 

𝑐 = 𝑦 −  𝑎 𝑥 −  𝑏 𝑥       (8) 278 

where: 𝑦 is longitude, 𝑥 is latitude of the eye of the hurricane, 𝑥  is the latitude ver- 279 
tex of the parabola, and 𝑦  is the longitude vertex of the parabola. 280 

From ten equidistant parabola origin points (𝑥 , 𝑦 ) covering the hurricanes 281 
corridor in NOAA hurricane tracking map [28], the latitude and longitude of the synthetic 282 
parabolic trajectory (𝑥  , 𝑦 ) is calculated by [20]: 283 
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𝑥 =  𝑥 +  ∆𝑆𝑡𝑒𝑝. 𝑠𝑖𝑛𝜃      (9) 284 

𝑦 = 𝑎 𝑥 + 𝑏 𝑥 + 𝑐      (10) 285 

where ∆𝑆𝑡𝑒𝑝  is the angle step of 1-hour hurricane movement over the surface of the 286 
Earth, and angle 𝜃 is [20]: 287 

𝜃 = − arctan (2𝑎 . 𝑥 + 𝑏 )      (11) 288 

where: 𝑎  and 𝑏  are parabola coefficients, and 𝑥  is the latitude of hurricane eye in 289 
each step. 290 

Table 3 shows the input coordinates for the synthetic modeling of hurricane trajec- 291 
tory as parabola, taking into consideration the hurricane’s corridor formed by historical 292 
trajectories tracked by NOAA [28]. 293 

Table 3. Origin and vertex points of parabola for hurricane trajectory modeling. 294 

Track # 𝒙𝒐𝒓𝒊𝒈𝒊𝒏 [ o] 𝒚𝒐𝒓𝒊𝒈𝒊𝒏 [ o] 𝒙𝒗𝒆𝒓𝒕𝒆𝒙 [ o] 𝒚𝒗𝒆𝒓𝒕𝒆𝒙 [ o] 
1 7 -69.9563 30 -100.0 
2 8 -70.2564 30 -97.7778 
3 9 -33.1111 30 -95.5556 
4 10 -33.1667 30 -93.3333 
5 11 -33.2222 30 -91.1111 
6 12 -33.2778 30 -88.8889 
7 13 -33.3333 30 -86.6667 
8 14 -33.3889 30 -84.4444 
9 15 -33.4444 30 -82.2222 
10 16 -33.5 30 -80 

 295 

Figure 2 shows the synthetic parabolic trajectories of hurricanes. This multicolor 296 
band of ten parabolic trajectories covers most of the historical hurricane’s trajectories 297 
tracked by the National Hurricane Center [28]. This band of trajectories aims at encom- 298 
passing the hurricane’s corridor. Any future hurricane trajectory is expected to be a com- 299 
bination of two or more synthetic trajectories within the hurricane’s corridor. 300 

 301 

Figure 2: Synthetic parabolic trajectories of hurricane, adapted from [16]. 302 
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The band of parabolic trajectories show in Figure 2 cover all US southern states be- 303 
tween Texas and Florida, all countries, and territories in the Caribbeans.  Also, hurricanes 304 
in latitude lower than trajectory #1 are very rare, according to NOAA repository of histor- 305 
ical hurricanes trajectories [28].  306 

 307 

 2.5. Model of future PV solar capacity expansion in US, Caribbean and South America 308 
This subsection describes the second major piece of contribution of this research: a 309 

scenario of future PV solar capacity expansion based on a compilation of demographic 310 
data and existing fossil fuel power capacity to be gradually displaced by renewables.  311 

Table 4 shows some of those data supporting a possible scenario of renewable PV 312 
solar power capacity. This research assumes a scenario that future PV power capacity 313 
(𝑃 ) would substitute half (𝐹 = 50%) of the fossil dependence: 314 

 315 
𝑃 = 𝑃 × 𝐹 × 𝐹       (12) 316 

where 𝑃  is the total power capacity (including fossil) of the country or territory, 𝐹  317 
is the fossil dependence, and 𝐹  is the PV expansion factor. 318 

This PV sharing factor of 50% is an assumption of this research considering that the 319 
other 50% is assumed to be supplied by other renewable energy sources, such as wind 320 
power in the future.  321 

The actual commitment and execution of each country and territories in the Americas 322 
and Caribbeans for the expansion of PV solar carries innumerous uncertainties. Some un- 323 
certainties are not predictable, e.g., the willingness of government officials to keep sup- 324 
porting strategic plans for renewables. Due to lack of available data, the PV solar power 325 
capacity of Anguilla in 2050 (8 MW), by proportionality of its population, was assumed to 326 
be half of the British Virgins Islands (16 MW). The error associated to this PV capacity 327 
estimate of Anguilla is not representative in face of the total PV power capacity encom- 328 
passed by this simulation (1,072,283 MW). 329 

Despite uncertainties, a cumulative PV sharing factor of 50% of PV solar over total 330 
existing power capacity does not lead to an overestimation of results since the total exist- 331 
ing power capacity is a realistic reference cap, also assumed to be adequately supplying 332 
an existing power demand. This work is assuming that none of the small countries and 333 
territories in Table 4 will become a major exporter of PV solar power, i.e., with renewable 334 
capacity far exceeding its previous local total power capacity and demand. The primary 335 
function of the U.S.-Caribbean-South America SG is to smooth power variability by in- 336 
stantaneous spatiotemporal power support of islands experiencing power valley or peaks 337 
caused by extreme weather events. Some previous targets for renewables expansion in 338 
these Caribbean countries in general shows modest numbers: Antigua and Barbuda (15% 339 
by 2030), Bahamas (30% by 2030),  Barbados (29% by 2029), Belize (50% by no specific 340 
date), Cuba (24% by 2030), Dominica (100% by no specific date), Dominican Republic (20% 341 
by 2016), Grenada (20% by 2020), Guyana (90% by no specific date), Haiti (50% by 2020), 342 
Jamaica (30% by 2020), St Kitts and Nevis (20% by 2015), St Lucia (35% by 2020), St Vincent 343 
and the Grenadines (60% by 2020), Trinidad and Tobago (100 MW of wind by not specific 344 
date and no specific share for PV solar) [29]. 345 

This work simulates the impact of hurricane shading in 2050 on PV solar generation 346 
sized to cover 50% of the total existing power capacity (including fossil power) in case of 347 
small islands or territories without publicly available official government target for PV 348 
expansion. 349 

 350 
 351 
 352 
 353 
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Table 4. Demographics and fossil fuel dependence in US, Caribbeans and South America. 354 

Countries or territories Population 
Total ca-

pacity 
[MW] 

Fossil 
dep. 
(𝑭𝒅) 

2050 Cumu-
lative PV 
[MWac] 

PV latitude, and longi-
tude [ °] Ref. 

USA 339,665,118 1,143,266 
(est. 2020) 

59.9% 1,000,000 Appendix B [30-31] 

The Bahamas 358,508 578 99.8% 288 24.698981, -77.789604 [30] 
Cuba 10,985,974 7,479 95.5% 3,571 21.598426, -78.974099; 

19.907734, -75.218468; 
20.358009, -74.504742 

[30] 

Haiti 11,470,261 3,453 85.8% 1,481 18.576618, -72.296021 [30] 
Jamaica 2,820,982 1,216 87.5% 532 17.876148, -76.582014 [30] 

Dominican Republic 10,790,744 5,674 93.4% 2,650 19.755237, -70.564617; 
19.267622, -69.730425; 
18.568692, -68.348547 

[30] 

Puerto Rico 3,057,311 6,180 94.8% 2,929 18.494859, -67.135248; 
18.010464, -66.563032; 
18.436395, -66.002171 

[30] 

Virgin Islands (US) 104,917  321 98.9% 159 17.699028, -64.797495 [30] 
British Virgin Islands 39,369 33 98.8% 16 18.339107, -64.966938 [30] 

Anguilla 19,079 16 98.8% 8 18.043635, -63.113343 [30] 
Guadeloupe 390,704 551 68.9% 190 16.269481, -61.526794 [32-33] 

Dominica 74,656 42 74.8% 16 15.545482, -61.300085 [30] 
Martinique 371,246 438 85.1% 186 14.595778, -61.000148 [32-33] 

St Lucia 167,591  92 99.1% 46 13.736792, -60.949993 [30] 
St Vincent and Grena-

dines 
100,804 49 73.5% 18 13.163664, -61.151563 [30] 

Grenada 114,299 55 98.3% 27 12.007409, -61.785788 [30] 
Barbados 303,431 311 95.9% 149 13.080299, -59.488530 [30] 

Trinidad & Tobago  1,407,460 2,123 99.9% 1,060 10.601978, -61.339610; 
11.152808, -60.839655 

[30] 

Guyana 791,739 380 97.4% 185 6.504099, -58.252893 [30] 
Suriname 639,759 542 40.5% 220 5.456538, -55.199946 [30] 

French Guiana 301,099 281 37% 52 4.822596, -52.364161 [34] 
Brazil  218,689,757 195,037 11.8% 58,500 Appendix B [30], 

[35] 
Total 602,392,300 1,368,117 - 1,072,283 - - 

 355 

The basis for estimation of the projected utility-scale PV solar power capacity of the 356 
U.S. and Brazil in 2050, being 98.7% of the PV capacity interconnected by the U.S.-Carib- 357 
bean-South America SG, was obtained from studies and plans elaborated by US National 358 
Laboratories for the DOE and the Brazilian Energy Research Company [31], [35]. The pro- 359 
jected 2050 PV capacity of the U.S. and Brazil is detailed separately in Appendix B. 360 

Figure 3 shows the U.S.-Caribbean-South America super grid originally proposed by 361 
Itiki et al in 2023 to support the expansion of wind power [16]. Over the same super grid 362 
topology, this research also proposes a physical distribution of PV power capacity in the 363 
U.S., Caribbeans and South America.   364 

 365 
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 366 

Figure 3. Proposed expansion of the U.S.-Caribbean-South America super grid in 2050, adapted for 367 
PV power from [16]. 368 

The purpose of the original proposal of the U.S.-Caribbean-South America super grid 369 
is to provide a comprehensive power grid infrastructure for massive expansion of wind 370 
power capacity in the region [16]. This super grid infrastructure can smooth the percentual 371 
power variability caused by intermittent renewable energy sources, particularly during 372 
hurricanes [16]. In contrast, the focus of this research is exclusively on PV power variabil- 373 
ity generated by hurricanes in the super grid.  374 

For purpose of simulations, this research assumes that this proposed U.S.-Caribbean- 375 
South America super grid would be operationally ready in 2050. The projection of 2050 376 
PV capacity expansion in the US and Brazil is consolidated based on existing plans and 377 
studies [31], [35].   378 

In the United States, a comprehensive plan for expansion of solar power capacity was 379 
elaborated by the National Renewable Energy Laboratory (NREL) in 2021 [31]. Three sce- 380 
narios of solar power capacity were projected for 2050 US: (a) Decarb+E scenario with 381 
1,600 GW, (b) Decarb scenario with 1,000 GW, and (c) Reference scenario with 600 GW. In 382 
2022, the PV capacity in the US was around 109 GW, according to Appendix A. For simu- 383 
lation purposes, this work adopts the Decarb scenario with 1,000 GW in 2050, which is the 384 
mean-average scenario. The US PV capacity values shown on Appendix B is multiplied 385 
by 9.17 times for the simulations of future 2050 scenario of 1,000 GW in the U.S.   386 

In Brazil, the Brazilian Energy Research Company, a Brazilian federal-owned organ- 387 
ization, issued the National Energy Plan 2050 (PNE). The centralized PV generation ca- 388 
pacity (excluding residential or commercial PV) is estimated to reach between 27 to 90 389 
GW in 2050 [35]. In 2022, the centralized PV generation capacity in Brazil was around 390 
18.13 GW, according to Appendix A. For simulation purposes, this work adopts the mean- 391 
average scenario of 58.5 GW in 2050. The Brazilian PV capacity values shown on Appen- 392 
dix B are multiplied by 3.23 times for the simulations of the future 2050 scenario of 58.5 393 
GW in Brazil.  394 
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This research assumes, as simulation scenario, that a proposed U.S.-Caribbean-South 395 
America super grid does not restrain in 2050 the cross-country high voltage power trading 396 
and operations in the US, Caribbeans and South American region. 397 

2.6. Proposed spatiotemporal algorithm for estimation of PV solar power under hurricanes 398 
shading. 399 

The proposed algorithm processes all modeling described in previous subsections 400 
and generates an estimated aggregated power profile from all PV solar plants. Figure 4 401 
shows such proposed algorithm for estimation of PV power under hurricanes shading. 402 

 403 

 404 
Figure 4. Algorithm for estimation of PV solar power under hurricanes over: (a) a single trajectory, 405 
(b) ten trajectories. 406 

The algorithm was initially developed to estimate PV power profile under a hurri- 407 
cane in a single parabolic trajectory as shown in Figure 4(a). The purpose was to analyze 408 
the evolution of PV power profile while a hurricane crosses the Caribbean islands and 409 
make landfall in the contiguous US. This algorithm is used to investigate trajectory #7, 410 
shown in Figure 2, because of proximity to large density of PV solar plants in the Carib- 411 
beans and in the US, and the combination of four simulation scenarios of super grid con- 412 
nectivity.  Figure 4(a) has 7 blocks: Block 1 receives the input parameters of the selected 413 
hurricane (e.g., radius), the PV solar plants characterization (e.g., location and power ca- 414 
pacity). In block 2, the user selects the interconnectivity scheme. Block 3 plots the input 415 
data on a map to visually characterize the simulation scenario, PV plant’s locations, and 416 
the selected hurricane trajectory. Block 4 implements the modeling of the hurricane shad- 417 
ing in function of the distance according to equations (1), (2) and (3). Block 5 integrates 418 
several steps: the modeling of the clear sky irradiance over each PV plant in pre-hurricane 419 
conditions for 14 days, modeling of the translational movement of the hurricane over a 420 
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parabola trajectory for 14 days period, calculation of the distance between each PV plant 421 
to the hurricane eye, the application of the hurricane shading effect based on the distance 422 
of plant to the eye, and the conversion of shaded irradiance into PV power profile in each 423 
plant based on its rated capacity. Block 6 delivers the plotting of four curves, leading the 424 
final estimation of PV power profile under hurricanes. Block 7 exports the simulation 425 
curves “Total PV solar power profile”, ”Shaded PV power capacity”, and “Average dis- 426 
tance of all plants to the eye”, in text format.  427 

With the necessity of empowering the method with generic capability and coverage 428 
of the entire hurricane’s corridor, not just an individual and specific trajectory #7, the al- 429 
gorithm was complemented with another set of blocks shown in Figure 4(b).  The com- 430 
parative analysis of PV power profile in ten trajectories allows visual identification of the 431 
trajectory causing the deepest power valley in each connectivity scheme. Since the hurri- 432 
cane trajectory cannot be diverted by humans, the power grid resilience must be designed, 433 
in principle, to withstand the worst-case trajectory and mitigating the deepest power val- 434 
ley. One of the possible solutions to smooth power valleys is proposed in this research 435 
with large-scale interconnectivity schemes by super grids. Even disregarding super grids 436 
as a solution to reduce power variability for whatever reasons, the proposed method to 437 
estimate the profile depth of power valley is still an important parameter for the sizing of 438 
the capacity of the energy storage systems (battery, or even pumped hydro) to fill the 439 
valley.  The extended blocks shown in Figure 4(b) aims at supporting such assessment 440 
and future design. 441 

2.7. Assumptions 442 
This research assumes that the PV solar power plant integrity would not be damaged 443 

by high winds of hurricanes by the time this proposed U.S.-Caribbean-South America su- 444 
per grid becomes a physically constructed reality in the next tens of couples of years 445 
ahead. This assumption is reasonable because a PV power plant damaged by recurrent 446 
impact of hurricanes would be upgraded with hurricane-proof PV modules or an equiv- 447 
alent protection device to keep economic feasibility.  448 

This research also assumes that batteries are not affordable in short term and in mass 449 
scale to most of the impoverished islands of the Caribbeans. This research disregards the 450 
large-scale power retrieval from batteries.  451 

The simulation scenarios are projected for the year 2050, assuming a massive deploy- 452 
ment of PV solar capacity in the US, Caribbeans, and South America. Also, it is assumed 453 
that the proposed Caribbean super grid, in its variants of interconnectivity schemes, 454 
would be ready for operation in 2050, overcoming the phases of regulatory approval, in- 455 
ternational agreements with involved countries, engineering, procurement, construction, 456 
commissioning, and final approval for operation.    457 

Since the focus of this research is the exclusive impact of hurricanes on PV shading 458 
and power valley, the pre-hurricane conditions are assumed to be in clear sky conditions. 459 
This assumption aims at eliminating uncertainties about weather conditions in pre-hurri- 460 
cane conditions. This method is not focused on reproducing historical hurricanes or esti- 461 
mating weather systems in 2050 based on probabilistic average clearness conditions in 462 
2023. In other words, this work does not propose to incorporate projections about climate 463 
change, weather, and ambient variables, in 2050.    464 

The daily solar irradiance profile over the PV plant is assumed to be the same in the 465 
first and the last 10th day of the hurricane simulation. Ten consecutive days is not consid- 466 
ered long enough to cause seasonal irradiance variability. Instead, the 14 days hurricane 467 
shading dynamics is assumed to carry more significant impact on the PV power genera- 468 
tion. This research disregards shading due to topography (mountains) or other obstruc- 469 
tions (trees and tall buildings). Future studies may also address this topic. 470 

 471 
 472 
 473 
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 474 

3. Results 475 
The simulations were carried out on four scenarios of power grid topology impacted 476 

by a hurricane over trajectory #7: 477 
• Standalone contiguous US power grid 478 
• Standalone Caribbean super grid 479 
• U.S.-Caribbean super grid 480 
• U.S.-Caribbean-South America super grid 481 
Also, it was simulated two scenarios with hurricanes in all ten synthetic trajectories 482 

over the U.S.-Caribbean-South America super grid, and over the standalone Caribbean 483 
super grid. 484 

Figure 5 shows the geospatial scenario with a category-3 hurricane over synthetic 485 
parabolic trajectory # 7 impacting the PV solar plants on the U.S.-Caribbean-South Amer- 486 
ica super grid. The trajectory of the hurricane eye is marked every 10 hours until 330 hours 487 
(approximately 14 days). The PV plants under consideration are those indicated in Table 488 
4 and Appendix B.   489 

 490 
 491 

 492 

Figure 5. Hurricane over trajectory #7 passing through PV plants of the U.S.-Caribbean-South Amer- 493 
ica super grid. 494 

In the scenario of Standalone contiguous US power grid, the hurricane impacts only 495 
36 PV solar plants. The PV plants in the Caribbeans and South America are not intercon- 496 
nected and aggregated in this scenario. 497 

In the scenario of Standalone Caribbean super grid, the hurricane impacts 14 turbines 498 
in the northern part of the Caribbean islands. The PV plants in the contiguous U.S. grid 499 
and South Caribbean and South America are not interconnected and aggregated in this 500 
scenario.   501 

In the scenario of U.S.-Caribbean super grid, 50 PV solar plants are interconnected 502 
and aggregated in super grid.  503 
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In the scenario of U.S.-Caribbean-South America super grid, the simulations cover 504 
all 90 PV plants, most of them shown on Figure 5, and some others in the US West Coast 505 
states, and Brazil’s southern states, as indicated in Appendix B. 506 

3.1. Standalone contiguous US power grid 507 
In this scenario, the simulation covers the impact of hurricane on PV solar power 508 

plants on the contiguous US power grid. It excludes Hawaii, Alaska, and US Caribbean 509 
territories of Puerto Rico and US Virgins Islands.  It is assumed that in 2050, Texas power 510 
grid is operating interconnected with the contiguous US power grid. In this scenario, there 511 
is no Caribbean super grid and any interconnection of it with the US and South America.  512 

 513 

 514 

Figure 6. Hurricane over trajectory #7 passing through PV plants in standalone US contiguous 515 
power grid.  516 

Figure 6(a) shows the total PV power profile generated by the PV power plants on 517 
the contiguous US power grid under the spatiotemporal impact of hurricane shading. The 518 
impact of the hurricane depends on the time in which it approaches to the PV solar power 519 
plant. The impact of hurricane shading on PV solar power profile is higher during the day 520 
period.  There is not power dropping impact from hurricane shading on PV solar during 521 
the night period. 522 

Figure 6(b) shows the shading effect during the passage of the hurricane in Florida 523 
and the US East Coast. The power valley represents the local shading on the PV solar 524 
plants due to proximity of hurricane clouds. This profile is decoupled from the variable 525 
radiance of the sun to show the exclusive impact of the hurricane shading on the aggregate 526 
PV plant capacity.  527 
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Figure 6(c) shows the mean geometric distance of all PV solar plants to the hurricane 528 
eye. This curve indicates how close the PV solar plants are in average to the hurricane. 529 
The lower the distance, the greater the magnitude of power valleys on Figure 6(b), and 530 
more modest the total PV solar power profile on Figure 6(a).  531 

Figure 6(d) shows one of the PV solar plants with the closest distance from the hur- 532 
ricane eye. The continuous tracking of each hurricane is necessary because the shading 533 
effect depends on the distance between the hurricane eye and each PV solar plants. In this 534 
case, the hurricane almost touches the PV power plant in West Florida at time 185h as 535 
observed on Figure 5, corroborating the observation of minimum distance in Figure 6(d) 536 
at the same time. 537 

 538 

 539 

Figure 7. Aggregation of power profiles of each PV solar power plant in the standalone US contig- 540 
uous power grid. 541 

Figure 7 shows the individual power profiles of PV solar plants in the contiguous 542 
US. Figure 7 also shows in black color the aggregated power profile of all PV solar plants, 543 
connected to the US contiguous power grid.  544 

Figure 8 shows the per unit normalized power in each PV solar plant. Shading of the 545 
hurricane causes a spatiotemporal capacity reduction on each PV solar plant. The values 546 
are normalized to the unit reference to show the relative impact of the hurricane shading 547 
on each PV solar power plant.  The shading effect on the clearness index intensifies while 548 
the hurricane is moving between time 150 to 265h, over Florida and the US East coast. This 549 
temporal effect matches the translational movement of the hurricane eye shown in Figure 550 
5. 551 

 552 

 553 

Figure 8. Normalized power in each PV solar power plant in the standalone US contiguous power 554 
grid. 555 
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Notably in Figure 8, four PV plants experience an equivalent capacity reduction up 556 
to 88% of their rated values during two days of hurricane shading. For the purposes of 557 
this research, it is assumed that these PV plants are all grid-connected. However, setting 558 
aside the consideration of grid-connectivity and assuming each PV plant functions as a 559 
microgrid without external grid connection, a hurricane-induced power valley of up to 560 
88% for two days holds significant implications for the design of the energy storage sys- 561 
tem backing up the power shortage. Super grids, on the other hand, effectively mitigate 562 
such percentual power variability, and the assessment of this reduction is investigated in 563 
the simulations. 564 

3.2. Standalone Caribbean super grid 565 
In this scenario, the simulation covers the impact of hurricane on PV solar power 566 

plants on the standalone Caribbean super grid, including the US territories of Puerto Rico 567 
and US Virgin Islands. It excludes the contiguous US, and southern islands of the Carib- 568 
beans. It is assumed that in 2050, the Caribbean super grid is operationally ready but with- 569 
out any interconnection with the US, South Caribbeans and South America. 570 

 571 
Figure 9(a) shows the total PV power profile generated by the PV power plants on 572 

the standalone Caribbean super grid under the spatiotemporal impact of hurricane shad- 573 
ing.  574 

Figure 9(b) shows the shading effect during the passage of the hurricane over US 575 
Virgin Islands, Puerto Rico, Dominican Republic, Haiti, Cuba, and The Bahamas, i.e., the 576 
North and Central Caribbeans. The local shading on the PV solar plants occurs between 577 
time 85 h and 170 h while the hurricane is passing through such islands.  578 

Figure 9(c) shows the mean geometric distance of all PV solar plants to the hurricane 579 
eye. This curve indicates how close the PV solar plants are in average to the hurricane. 580 
The lower the distance, the greater the magnitude of power valleys on Figure 9(b). After 581 
time 180 h, the hurricane parabolic trajectory reaches its negative longitudinal apex. After 582 
the hurricane turning eastward, its mean average distance to the PV plants sustains 2,000 583 
km distance. However, this distance is outside the hurricane shading and does not pro- 584 
duce power valley after time 170 h.     585 

Figure 9(d) shows the PV power plant in British Virgin Islands with the closest dis- 586 
tance from the hurricane eye at time 105 h. 587 

 588 
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 589 

Figure 9. Hurricane over trajectory #7 passing through PV plants of the standalone Caribbean super 590 
grid. 591 

Figure 10 shows the individual power profiles of the PV solar plants in the 592 
standalone Caribbean super grid. The black color curve is the aggregated power profile 593 
of all PV solar plants, i.e., the same profile shown on Figure 9(a). 594 

 595 

 596 

Figure 10. Aggregation of power profiles of each PV solar power plant in the standalone Caribbean 597 
super grid. 598 

3.3. U.S.-Caribbean super grid 599 
In this scenario, the simulation covers the impact of hurricane on PV solar power 600 

plants with the contiguous U.S. power grid is interconnected to the Caribbean super grid. 601 
This scenario is thus called U.S.-Caribbean super grid and requires a submarine power 602 
interconnector between Florida and The Bahamas and the extension of the grid until the 603 
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U.S. overseas territories of Puerto Rico and U.S. Virgin Islands. The purpose of this sce- 604 
nario is to assess the potential benefit of large-scale integration of standalone power grids 605 
in reducing the overall spatiotemporal power variability.    606 

Figure11(a) shows the total power profile generated by the PV power plants of the 607 
U.S.-Caribbean-South America super grid under the spatiotemporal impact of hurricane 608 
shading. The impact of the hurricane is observed between time 160 h and 260 h. 609 

Figure 11(b) shows the reduction of PV power capacity due to hurricane shading 610 
effect between time 160 h and 260 h. The power valley from the hurricane over the Carib- 611 
beans is relatively negligible as compared Florida and the U.S. East coast because the 612 
power capacity in the U.S. East coast is more robust than in the Caribbeans.   613 

Figure 11(c) shows the mean geometric distance of all PV solar plants to the hurricane 614 
eye. This curve indicates how close in average the PV solar plants are to the hurricane.  615 

Figure 11(d) shows the PV solar plant in West Florida with the closest distance from 616 
the hurricane eye at time 189 h. 617 

 618 

Figure 11. Hurricane over trajectory #7 passing through PV plants of the U.S.-Caribbean super grid. 619 

Figure 12 shows the individual power profiles of the PV solar plants in the U.S.-Car- 620 
ibbean super grid. The black color curve is the aggregated power profile of all PV solar 621 
plants. This arithmetical aggregation of individual PV power profiles is only possible as- 622 
suming that all PV plants of the Central and North Caribbean islands and the contiguous 623 
U.S. territory are injecting power to the same interconnected U.S.-Caribbean super grid. 624 

 625 
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 626 

Figure 12. Aggregation of power profiles of each PV solar power plant in the U.S.-Caribbean super 627 
grid. 628 

3.4. U.S.-Caribbean-South America super grid 629 
In this scenario, the simulation covers the impact of hurricane on PV solar power 630 

plants with the U.S.-Caribbean super grid extended to South America. This scenario is 631 
thus called U.S.-Caribbean-South America super grid and requires a submarine power 632 
interconnector between Florida and The Bahamas and the extension of the U.S.-Caribbean 633 
super grid from Puerto Rico to the islands of the South Caribbean and reaching to South 634 
America. Trinidad and Tobago are connected to the Guyana by a high voltage power in- 635 
terconnector. The purpose of this scenario is to assess the potential extra-benefit of large- 636 
scale integration of the Caribbean super grid with both the U.S. and South America. This 637 
work aims at assessing the overall reduction of spatiotemporal power variability, and ul- 638 
timately compare the power smoothing performance.    639 

Figure13(a) shows the total power profile generated by the PV power plants of the 640 
U.S.-Caribbean-South America super grid under the spatiotemporal impact of hurricane 641 
shading. The impact of the hurricane is observed mostly between time 160 h and 260 h in 642 
the PV plants located in the contiguous US. However, a very small power variability is 643 
also observed between times 75 h to 140 h. 644 

Figure 13(b) shows the reduction of PV power capacity due to hurricane shading 645 
effect mostly between time 160 h and 260 h. The power valley from the hurricane over the 646 
Caribbeans keeps relatively negligible as compared Florida and the U.S. East coast be- 647 
cause the power capacity in the US East coast is more robust than in the Caribbeans.   648 

Figure 13(c) shows the mean geometric distance of all PV solar plants to the hurricane 649 
eye. This curve indicates how close in average the PV solar plants are to the hurricane.  650 

Figure 13(d) shows the PV solar plant in West Florida with the closest distance from 651 
the hurricane eye at time 189 h. 652 
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 653 

Figure 13. Hurricane over trajectory #7 passing through PV plants of the U.S.-Caribbean-South 654 
America super grid. 655 

Figure 14 shows the individual power profiles of the PV solar plants in the U.S.-Car- 656 
ibbean-South super grid. The black color curve is the aggregated power profile of all PV 657 
solar plants. This arithmetical aggregation of individual PV power profiles is only possible 658 
assuming that all PV plants are injecting power to the same interconnected U.S.-Carib- 659 
bean-South America super grid. 660 

 661 

 662 

Figure 14. Aggregation of power profiles of each PV solar power plant in the U.S.-Caribbean-South 663 
America super grid. 664 

3.5. All trajectories into U.S.-Caribbean-South America super grid 665 
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In this scenario, the PV power plants in the U.S.-Caribbean-South America super grid 666 
are impacted by all ten parabolic synthetic hurricane trajectories, shown on Figure 2. The 667 
purpose of this scenario is to identify the trajectory with higher peak power variability. 668 
To plot the PV solar power, shading and power valley profile curves of all ten trajectories, 669 
an algorithm was implemented in MATLAB to open the data files of simulation results 670 
and plot altogether in a single figure. The algorithm was detailed in the Figure 4(b) and 671 
the all-trajectories curves are shown in Figure 15 and Figure 16.  672 

Figure 15(a) shows the power profiles of all PV power plants in the U.S., Caribbean, 673 
and the southern countries of South America in ten different synthetic hurricane trajecto- 674 
ries. Figure 15(b) shows the hurricane shading effect on the total PV power capacity. Fig- 675 
ure 15(c) shows the magnitude of power valley for each hurricane trajectory. Power valley 676 
occurs when the hurricane is spatially close to high density of PV power capacity, max- 677 
imizing the shading as shown in Figure 15(b) and the irradiance is instantaneously in its 678 
maximum at noon, as shown in Figure 15(a). For example, a hurricane passing through 679 
PV plants but at midnight will not produce power valley, since at midnight it is not ex- 680 
pected any PV solar power. The power valley in Figure 15(c) is obtained by searching the 681 
local minimum of the overall power profile presented in Figure 15(a). 682 

 683 

 684 

Figure 15. (a) Total PV power profile, (b) Shading on PV power plant capacity, and (c) Power valley. 685 

The power profile and shaded capacity on PV plants located in the Caribbeans and 686 
South America are negligible because the total PV capacity in the Caribbeans is very small 687 
as compared to the contiguous US power grid, and because South America are outside 688 
the hurricane’s corridor.    689 
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This work is restricted by a set of assumptions and scope limitations to make feasible 690 
a study of a large-scale grid under a multitude of intermittent and unpredictable varia- 691 
bles.The simulation results on this subsection, associated to a specific scenario, is compar- 692 
atively discussed in the subsection 3.7 together with other scenarios.     693 

3.6. All trajectories into standalone Caribbean super grid 694 
In this scenario, the PV power plants in the Caribbean super grid are impacted by all 695 

ten parabolic synthetic hurricane trajectories, shown on Figure 2. This scenario neither 696 
includes PV plants on the contiguous US power grid nor the extension to south Caribbean 697 
islands and South America. The simulations results were obtained using the algorithm 698 
shown in the Figure 4(b). The purpose of this scenario is to assess magnitude of power 699 
variability exclusively on the standalone Caribbean super grid to allow later comparison 700 
of smoothing performance with the U.S.-Caribbean-South America super grid investi- 701 
gated in the previous scenario.   702 

Figure 16(a) shows the power profiles of all PV power plants in the standalone Car- 703 
ibbean super grid in ten different synthetic hurricane trajectories. Figure 16(b) shows the 704 
hurricane shading effect on the total PV power capacity. Figure 16(c) shows the magni- 705 
tude of power valley for each hurricane trajectory. Power valley occurs when the hurri- 706 
cane is spatially close to high density of PV power capacity, maximizing the shading as 707 
shown in Figure 16(b) and the irradiance is instantaneously in its maximum at noon every 708 
24 hours, as shown in Figure 16(a). The power valley in Figure 16(c) is obtained by search- 709 
ing the local minimum of the overall power profile presented in Figure 16(a). 710 

 711 

 712 

Figure 16. (a) Total PV power profile, (b) Shading on PV power plant capacity, and (c) Power valley. 713 

The shaded capacity on PV plants located in the Caribbeans reduces more signifi- 714 
cantly from 11,600 MW (100%) to 6,000 MW (52%) over trajectory # 5 than the 9,250 MW 715 
(80%) power capacity valley in trajectory #10. The reason for this strong power decay can 716 
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be explained by Figure 17, which shows trajectory #5 in proximity to most of the PV plants 717 
in the Caribbeans, between time 90h and 170h. 718 

 719 

    Figure 17. Hurricane over trajectory #5 passing through PV plants of the Caribbean super grid. 720 

The simulations presented the practical capabilities of the proposed spatiotemporal 721 
method for PV power profile estimation, investigated the impact of the hurricane on PV 722 
plants connected in four schemes of super grid interconnectivity, and generated a multi- 723 
tude of PV power profile curves in single or multiple hurricane trajectories.  However, a 724 
deep understanding of the power variability impact of the hurricane on each super grid 725 
scheme demands the consolidation of results for a comparative analysis of scenarios.   726 

3.7. Comparative analysis of scenarios 727 
The power variability is defined and estimated by the following indicators [20]: 728 
 729 

∆𝑃 =    .       (13) 730 

 731 
where 𝑃  is the peak power at the first noon, while the hurricane has not 732 
shaded PV power plants, and  𝑃  is minimum local peak of the power profile under 733 
hurricane shading.  734 

Table 5 shows the power variability of PV plants under shading caused by a hurri- 735 
cane over trajectory #7 in four scenarios of super grid interconnectivity. The power values 736 
are obtained from Figure 6, Figure 9, Figure 11, and Figure 13. Minimum local peak 𝑃  737 
occurs in two occasions: (a) over the Caribbeans from time 90 h to 160 h, and (b) over the 738 
contiguous US territory from time 150h to 330h. PV power valley does not occur over 739 
South America because this region is far away from the hurricane’s corridor. 740 

 741 
 742 
 743 
 744 
 745 
 746 
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Table 5. Power variability during hurricanes in different scenarios of super grid interconnectivity. 747 

Values Standalone 
U.S. power 

grid 

Standalone Carib-
bean super grid 

U.S.-Caribbean 
super grid 

 

U.S.-Caribbean-
South America 

super grid 
Trajectory number #7 #7 #7 #7 
Total number of PV 

solar plants 
36 14 50 90 

Total PV capacity 
[MW] 

1,000,000 11,623 1,011,623 1,072,335 

Figures Figure 6 and  
Figure 7 

Figure 9 and  
Figure 10 

Figure 11 and  
Figure 12 

Figure 13 and  
Figure 14 

Power valley in the 
Caribbeans: 

- - - - 

𝑃  [MW] N.A. 11,463 955,983 989,600 
𝑃  [MW] N.A. 7,135 952,087 985,563 
∆𝑃  [%] N.A. 37.8% 0.4% 0.4% 

Power valley in the 
contiguous U.S.: 

 - - - 

𝑃  [MW] 946,114 N.A. 955,983 989,600 
𝑃  [MW] 861,819 N.A. 871,316 901,893 
∆𝑃  [%] 8.9% N.A. 8.9% 8.9% 

 748 
Table 5 consolidates the assessment of power variability ∆𝑃  to support the com- 749 

parison of scenarios of super grid interconnectivity. In the standalone Caribbean super 750 
grid scenario, the power valley ∆𝑃  is 37.8%. In the U.S.-Caribbean super grid and the 751 
U.S.-Caribbean-South America super grid scenarios, the power valley ∆𝑃  significantly 752 
reduces to 0.4% and 0.4%, respectively. The reason for high percentual power valley in 753 
standalone Caribbean super grid as compared to the U.S.-Caribbean super grid and U.S.- 754 
Caribbean-South America super grid can be explained by the large hurricane shading area 755 
covering the entire small area of the standalone Caribbean super grid in the same instant. 756 
In this scenario, there is no interconnection with U.S. and South America power grids, 757 
which would otherwise collectively absorb part of the impact of hurricane shading in the 758 
Caribbeans. It can be concluded that the Central and North Caribbean islands (including 759 
U.S. territories of Puerto Rico and U.S. Virgin Islands) have much to benefit from the in- 760 
terconnection to the contiguous U.S. grid or both contiguous U.S. and South America grid. 761 
With such interconnections, the North Caribbean islands can access PV power from areas 762 
not within the hurricane’s corridor. For example, the most western American states (Cal- 763 
ifornia, Oregon, Nevada, and Utah, South America are not in the route of the hurricanes 764 
corridor.  765 

In the scenarios of Standalone U.S. power grid, U.S.-Caribbean super grid, and U.S.- 766 
Caribbean-South America super grid, the power valley ∆𝑃  in the contiguous U.S. is 767 
lower than 9%. The power valley in the contiguous U.S. is dominantly determined by the 768 
large PV power capacity of the contiguous U.S. projected to 2050, which is approximately 769 
fourteen times the total PV capacity of the other countries and territories in the Caribbean 770 
super grid and the extension to South America.  771 

Table 6 shows the power valley produced by hurricanes in all ten trajectories. In gen- 772 
eral, US states with higher geospatial density of PV capacity has higher power valley be- 773 
cause they have more PV capacity to be shaded by the hurricane. Trajectory #10, for ex- 774 
ample, has the second lowest power valley because the trajectory passes off the coast of 775 
Florida. The western part of Texas is on the trajectory #1 and is not much populated with 776 
PV power capacity, as shown in Figure 2 and Figure 5. For this reason, a hurricane over 777 
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trajectory #1 produces moderate power variability. Such interpretation based on spatial 778 
PV density by U.S. states should be used with caution because ROCI onshore is 463 km in 779 
the simulations, possibly shading two or more U.S. states. Table 6, in column 4, shows the 780 
minimum instantaneous power valley of Figure 15(c) of hurricanes in ten synthetic para- 781 
bolic trajectories. Instantaneous power valley includes the daily variability of solar irradi- 782 
ance cycle. The time (night or day) that the hurricane passes over the PV plant plays an 783 
important role in the magnitude of the instantaneous power valley. For example, a hurri- 784 
cane over an PV plant at night does not produce shading impact on a PV plant since the 785 
output is anyway zero at night.   786 

The power capacity valley is the equivalent reduction of PV capacity due to hurricane 787 
shading, disregarding the effect of solar cycle. The power capacity variability during hur- 788 
ricanes is shown in Figure 15(b).  789 

Table 6 organizes the power valleys in ascending order, placing their ordering values 790 
in parenthesis in columns 4 and 5. Table 6 shows that a strong decline in capacity power 791 
due to hurricane shading does not mean that the instantaneous power valley is also deep. 792 
Louisiana State, hit by a hurricane in trajectory #5, experience a relatively shallow instan- 793 
taneous power valley despite having the second deepest capacity power valley. The rea- 794 
son for shallow instantaneous power valley is the hurricane approaching the PV plants at 795 
midnight, alleviating the impact of shading during the day before and after, as show in 796 
trajectory #5 of Figure 18. At midnight, the instantaneous power valley is zero because the 797 
hurricane shading cannot reduce the PV power that is already zero due to the lack of solar 798 
irradiance.   The percentual capacity power valley is also calculated in reference to the 799 
pre-hurricane peak power 𝑃  is 989,600 MW in Figure 15(a). 800 

 801 

Table 6. Power valley produced by hurricanes hitting U.S.-Caribbean-South America super grid. 802 

Trajec-
tory # 

States Spatial den-
sity of PV 
capacity 

[MW/km2] 

Instantaneous Power 
Valley [MW] 

Capacity 
Power Valley 

[MW] 

Capacity 
Power Val-

ley [%] 

1 Texas 0.0193 (2) 63,156 (2) 66,700 (1)      6.7% 
2 Texas 0.0193 (2) 88,851 (9) 79,690 (3)     8.1% 
3 Texas 0.0193 (2) 85,178 (5) 90,150 (4)      9.1% 
4 Louisiana 0.0025 (3) 88,455 (7) 95,130 (5)     9.6% 
5 Louisiana 0.0025 (3) 78,304 (3) 101,850 (9)     10.3% 
6 Alabama 0.0013 (4) 88,563 (8) 102,110 (10)      10.3% 
7 Florida 0.0460 (1) 87,707 (6) 96,090 (6)      9.7% 
8 Florida 0.0460 (1) 81,970 (4) 98,880 (8)      10.0% 
9 Florida 0.0460 (1) 90,249 (10) 98,130 (7) 9.9% 

10 Off the coast 
of Florida 

0 (5) 55,656 (1) 79,310 (2)      8.0% 

Counterintuitively, a hurricane hitting Alabama, the state with the lowest spatial 803 
density of PV plants, causes the stronger shading impact on PV plants capacity among 804 
other states.  A plausible explanation for this is because a hurricane with shading impact 805 
radius of approximately 1.3 times ROCI (1.3 x 463 km) hitting Alabama, in the middle of 806 
the U.S. South Coast, can cover large portions of PV plants in the East side (Florida and 807 
Georgia), and some plants in the West side (Louisiana).  808 

An important insight of this analysis is that the spatial planning for PV plant siting 809 
regarding hurricane conditions should consider locations with minimum capacity power 810 
valley, not spatial density by U.S. state, and not instantaneous power valley. The time that 811 
the hurricane approaches a PV power plant, which defines the shape of the instantaneous 812 
power valley, is not a variable under human control. Being conservative in practice, 813 
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instantaneous power valley incorporating solar cycle is not useful for planning or design, 814 
which should focus on the worst-case scenario.  815 

The next analysis focus on the impact of all ten trajectories of hurricane shading on 816 
the standalone Caribbean super grid. Standalone Caribbean super grid takes a much 817 
smaller geospatial footprint than the U.S.-Caribbean-South America super grid. The den- 818 
sity of PV capacity by each island is not much relevant since they are small as compared 819 
to the dimensions of the hurricane and surrounded by vast portions of the Caribbeans Sea. 820 
Being a spatially remote island but also electrically interconnected to a super grid are a 821 
major advantage because the power valley locally generated in the island, is punctually 822 
well absorbed by the super grid.  823 

Table 7 shows the magnitude of power valley from the simulation curves of Figure 824 
19. The deepest power valley occurs on trajectory #5. Most western and eastern trajecto- 825 
ries, trajectories #1 and #10, respectively, produce less power valley due to the long dis- 826 
tance to the PV power plants. The percentual capacity power valley is also calculated in 827 
reference to the pre-hurricane peak power 𝑃  is 11,463 MW in Figure 16(a). 828 

Table 7. Power valley produced by hurricanes hitting standalone Caribbean super grid. 829 

Trajec-
tory # 

Instantaneous 
Power Valley 

[MW] 

Capacity 
Power Valley 

[MW] 

Capacity 
Power Valley 

[%] 
1 2,414 2,325 20.3% 
2 3,543 3,482 30.4% 
3 4,439 4,477 39.1% 
4 5,026 5,177 45.2% 
5 5,145 5,530 48.2% 
6 4,891 5,500 48.0% 
7 4,329 5,051 44.1% 
8 3,515 4,306 37.6% 
9 2,754 3,288 28.7% 
10 2,143 2,223 19.4% 

Table 7 shows capacity power valley up to 48.2% in the standalone Caribbean super 830 
grid. Comparing with a non-grid connected PV plant under hurricane shading analyzed 831 
in Figure 18, presenting a power capacity valley of 88%, the interconnection of the islands 832 
of the Caribbeans in a super grid would bring significant reduction on power variability.  833 

In general, there are not many options to improve geospatial distribution of PV plants 834 
in the Caribbean islands. PV plants are normally installed onshore and most of the islands 835 
are close to each other. However, plenty of geospatial distribution possibilities are availa- 836 
ble in the vast contiguous U.S. territory.   837 

For PV planning purposes, the capacity power valley is the most appropriate refer- 838 
ence for the planning and design of super grids or energy storage capacity since it is not 839 
sensitive to the time that a hurricane is expected to pass over the PV power plants, i.e., a 840 
stochastic variable modeling the instantaneous power valley profile.   841 

Comparing Table 7 and Table 6, the capacity power variability is 48.2% in the 842 
standalone Caribbean super grid as compared to just 10.3% in the for the U.S.-Caribbean- 843 
South America super grid. From exclusive power variability perspective, the interconnec- 844 
tion of the standalone Caribbean super grid to the U.S. and South America is advanta- 845 
geous to the Caribbeans. 846 

The comparative analysis confirms that large-scale interconnectivity schemes such as 847 
the proposed U.S.-Caribbean-South America super grid sustain lower power variability 848 
than local interconnectivity schemes.  849 

A spatiotemporal method dedicated to assessing the impact of hurricanes on PV solar 850 
power generation was proposed, and its functionalities were demonstrated in a cases- 851 
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study of four possible future scenarios for a large-scale interconnectivity scheme in the 852 
Caribbean region.  853 

Four interconnectivity schemes investigated in this research are: 854 
 Standalone contiguous US power grid: The US is projected to reach 1,000,000 MW in 855 

2050, significantly exceeding the forecasted 72,335 MW for the Caribbean and north- 856 
ern countries and states in South America. In this scenario, the power variability of 857 
the standalone contiguous US power grid is not sensitive to hurricanes over the Car- 858 
ibbean. 859 

 Standalone Caribbean super grid: Without interconnection to the US or South Amer- 860 
ica grid for power valley filling, a standalone Caribbean super grid would endure the 861 
most significant power valley among all schemes. This is primarily due to the ar- 862 
rangement of PV plants on a chain of closely situated islands, nearly entirely covered 863 
by the shading caused by hurricanes. Additionally, the trajectories of hurricanes typ- 864 
ically align parallel to the axis of the Caribbean islands chain, prolonging the dura- 865 
tion of their impact. Given the projected Caribbean PV capacity by 2050, which is 866 
negligible compared to that of the US, the Caribbean region would derive substantial 867 
benefits from either a U.S.-Caribbean interconnector or a Caribbean-South America 868 
interconnector. 869 

 U.S.-Caribbean super grid: The U.S.-Caribbean super grid significantly reduces 870 
power variability during hurricanes passing over the Caribbean. The integration of 871 
the overseas US territories of Puerto Rico and the US Virgin Islands into an integrated 872 
U.S.-Caribbean super grid proves beneficial in mitigating local power valleys. 873 

 U.S.-Caribbean-South America super grid: This interconnectivity scheme adds ap- 874 
proximately 60,712 MW of PV capacity, primarily from Brazil (58,500 MW), situated 875 
outside the hurricane corridor. Extending the U.S.-Caribbean super grid does not sig- 876 
nificantly reduce the overall relative power variability. More PV solar power capacity 877 
or other renewable energy source (e.g., wind or hydropower) in South America 878 
would be needed to significantly smooth the power variability in hurricane-prone 879 
areas. Connecting the U.S.-Caribbean super grid to South America would provide 880 
energy security by an alternative power supply in the event of disconnection of seg- 881 
ment of the Caribbean super grid. 882 
The analysis of the geospatial scenario with all hurricane trajectories reveals that the 883 

proposed spatiotemporal method for PV power profile estimation is a valuable tool for 884 
PV solar power planning, forecasting, and design because it provides a generalized, flex- 885 
ible, long-distance, long-term, and multi-variable comprehensive understanding of the 886 
impact of hurricanes.  887 

4. Analysis of consistency 888 
This research adopts the Ceferino’s model for hurricane shading, which was previ- 889 

ously validated in [3]. Then, this research builds upon the Ceferino’s model a complemen- 890 
tary method to address the need of forecasting PV solar generation in large-scale super 891 
grids.  The focus of this research is primarily the delivery a method to forecast the PV 892 
solar generation profile under hurricanes with the integration of islanded high voltage 893 
grids into different topologies of super grids.   894 

However, this proposed algorithm for spatiotemporal estimation of power profile 895 
was shrunk from MW to kW magnitude in this analysis to confirm the consistency of the 896 
estimated power profile with power measurements in a 200 kW-scale PV plant in Fort 897 
Lauderdale, FL, hit by hurricane Katrina (2005), investigated in [2].  According to Cole et 898 
al., during hurricanes, the resulting PV solar power profile reduces to 18% to 60% of the 899 
initial clear sky conditions [2].  900 

Figure 18 shows in black color the power profile estimation using the spatiotemporal 901 
method proposed in this research for hurricane Katrina, making first landfall in Florida. 902 
The red dashed profile is the power profile measured by Cole et al. [2]. Hurricane Katrina 903 
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made landfall initially near the Miami-Dade/Broward County line as category-1 during 904 
the evening of August 25, 2005, at 22:00 h, according to reports of the National Hurricane 905 
Center and the National Centers for Environmental Information [36], [37]. The y-axis was 906 
intentionally maintained in MW to not modify the scale of the spatiotemporal algorithm, 907 
which is originally designed to simulate large-scale super grids. 908 

 909 

Figure 18. Power profile by the spatiotemporal method (in black) and the power measured on a PV 910 
plant in Fort Lauderdale, FL for Aug 22-29, 2005 [2].  911 

The rated power capacity in direct current kW (the PV modules capacity) in practice 912 
is higher than the alternating current PV solar plant rated capacity, by a factor called in- 913 
verter load ratio.  The inverter load ratio of the 200 kW dc PV generation studied by Cole 914 
et al. can be calculated by [2]:   915 

 916 
𝐼𝐿𝑅 =   

 
=  

 

 
=  1.43     (14) 917 

 918 
The spatiotemporal method for PV solar power profile estimation proposed in this 919 

research, which utilizes alternating current rated power, were simulated assuming 920 
𝑃   of 140 kW ac to obtain the peak power at noon in pre-hurricane conditions. 921 

Table 8 shows the parameters of hurricane Katrina for the spatiotemporal power 922 
profile estimation. 923 

Table 8. Parameters of hurricane Katrina (2005). 924 

Parameters Description Katrina (2005) Sources 
𝐶 hurricane category 1 (in Florida) [36] 

𝑎  slope factor 1.97 [3] 

𝑎  slope factor 0.0965 [3] 

𝑏  short-distance correction factor 1.15 [3] 

𝑏  short-distance correction factor -0.126 [3] 

𝑐  scale factor 2.48 [3] 

𝑐  scale factor -0.139 [3] 

𝑅𝑂𝐶𝐼 radii of the outermost closed 
isobar 

150 nautical miles  
(277 km) 

[37]  



Energies 2024, 17, x FOR PEER REVIEW 30 of 41 
 

 

for onshore 
𝑅𝑂𝐶𝐼 

for offshore 

radii of the outermost closed 
isobar 

130 nautical miles  
(241 km) 

[37]  

𝑑, 
𝑅, and 

𝑓 
 

absolute distance from hurri-
cane eye, relative distance from 
hurricane eye, and functional 
form 

recalculated after each hurri-
cane step 

- 

∆𝑡  simulation time step 1 h [16], 

𝑉  hurricane translational speed 4.11 – 5.14 m/s 
(8 – 10 knots) 

[37] 

- trajectory shape parabola crossing the border of 
Broward/Miami-Dade County, 

FL 

[16], [36] 

 925 
Figure 19 shows the synthetic parabolic trajectory simulating the point of impact of 926 

hurricane Katrina (2005) using the spatiotemporal estimation method proposed in this 927 
research. 928 

 929 

 930 

Figure 19. Hurricane simulating first point of impact of hurricane Katrina (2005), and PV plant in 931 
Fort Lauderdale, FL. 932 

Figure 20 shows simulations of a 140 kW ac PV plant in Fort Lauderdale. Figure 20(a) 933 
shows the spatiotemporal solar power estimation profile in blue color obtained by the 934 
spatiotemporal method, and the measurements of power on a PV plant in Fort Lauderdale 935 
in red dashed line, informed by Cole et al. [2]. Figure 20(b) shows the power capacity 936 
valley caused by the hurricane passage. Figure 20(c) and (d) have similar distance profile 937 
as the hurricane approaches the PV plant, because the mean distance in this specific sce- 938 
nario is calculated over a single PV plant.   939 

 940 
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 941 

Figure 20. Katrina-like hurricane passing over 140 kW ac PV plant in Fort Lauderdale, FL. 942 

Table 9 presents an analysis of consistency of the proposed spatiotemporal method 943 
for estimation of PV power profiles under hurricane in reference to Cole et al. measure- 944 
ments [2]. 945 

Table 9. Comparative analysis of proposed spatiotemporal method and existing technical literature. 946 

Method Spatiotemporal 
method 

Cole et al.’s measure-
ments [2] 

Difference: 

Number of days under shading 5 3 2 
Pre-hurricane power [kW ac] 140 (100%) 140 (100%) 0 

Day 1’s noon peak power [kW ac] 123.8 (88%) 140 (100%) -16.2 
Day 2’s noon peak power [kW ac] 56.5 (40%) 140 (100%) -83.5 
Day 3’s noon peak power [kW ac] 18.1 (13%) 18 (13%) 0.1 
Day 4’s noon peak power [kW ac] 52.1 (37%) 110 (79%) -57.9 
Day 5’s noon peak power [kW ac] 113.2 (81%) 118 (84%) -4.8 

Peak average [kW ac] 72.7 (52%) 82.0 (59%) -9.3 (-6.6%) 

The 5-days average power obtained from this research simulations reached 52% av- 947 
erage power drop from pre-hurricane conditions, which is in the range of 18% to 60% 948 
reported by Cole et al. [2]. Also, the minimum power drop obtained by the spatiotemporal 949 
simulations reached 18.1 kW which is identical to Cole et al.’s measurements, which indi- 950 
cated 18 kW minimum.    951 

Unfortunately, the exact coordinate (latitude and longitude) of the PV power plant 952 
was not indicated in Cole et al.’s simulations [2]. For this reason, the comparison of day- 953 
by-day peak power does not reflect the same spatiotemporal conditions. However, the 954 
modeling of hurricane shading using Ceferino’s model, formulated on equation (2), leads 955 
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to 360° symmetrical shape of hurricane shading, also observed in Figure 1 and Figure 8.  956 
This symmetry is not observed on Cole et al.’s simulations [2]. 957 

The spatiotemporal method estimated 5 days of shading while the Cole et al.’s simu- 958 
lations [2] indicate just 3 days during the passage of the hurricane Katrina over a PV plant 959 
in Fort Lauderdale, FL. The number of shaded days is also related to the time the hurricane 960 
stays over the PV plant, which is dependent on the translational speed of the hurricane. 961 
The simulations of this research adopted the speed values from NOAA [37]. 962 

The spatiotemporal method for estimation of PV power profile under hurricanes is 963 
based on empirical shading equations with 360° symmetric shape, as show in Figure 1 964 
and equations (1), (2), and (3). The formulated proposal and validation of the shading 965 
equations (1), (2), and (3), was demonstrated by Ceferino et al., in 2021, by observation of 966 
best proposed equation fitting producing minimum Akaike Information Criterion (AIC) 967 
score [3]. Despite selection of best fitting, the stochastic simulation of GHI under hurri- 968 
canes showed differences between Ceferino’s model and Cole’s model [3][2].  969 

In contrast to the Ceferino’s model [3], which is admitted supporting spatiotemporal 970 
forecasting of irradiance only, this research focus on forecasting PV solar power genera- 971 
tion profile, which is useful to support electrical power engineering studies, specifically 972 
time-series power flow of super grids. However, this spatiotemporal method for estima- 973 
tion of PV power profile does not aim at substituting power flow methods. This research 974 
method is a bridge and facilitates the connection of PV irradiance forecasting into the elec- 975 
trical power systems studies. It aggregates the power profile of each PV plant connected 976 
in a super grid, supporting basic analysis about power variability in large blocks of power. 977 
Also, this method is an interdisciplinary tool that generates input (PV solar power profile) 978 
for time-series power flow studies. 979 

5. Conclusions 980 
This section summarizes the contributions, limitations of this research, and outlines 981 

topics for future investigation.  982 
5.1. The contributions of this research 983 

Intermittent renewables operating in extreme weather events produce high variabil- 984 
ity of power generation profile. Deployment of massive amounts of battery energy storage 985 
systems to damp local power variability is a very expensive solution. This research instead 986 
proposes a large-scale interconnection of local power grids by high voltage submarine 987 
power cables, known as super grids. The simulation results indicate that the PV power 988 
variability in the Caribbean super grid under hurricanes is lower when it is connected to 989 
the U.S. contiguous power grid or South America. Reducing intermittent renewable 990 
power variability is critical in the transition to the decarbonization of the power sector 991 
because power consumers expect high levels of service without power interruptions. This 992 
research demonstrates that the U.S.-Caribbean-South America super grid or U.S.-Carib- 993 
bean super grid are alternative solutions to address the power variability in PV power 994 
plants under hurricanes. 995 

Another contribution of this research is that the proposed spatiotemporal method for 996 
estimation of PV power profile covers a gap for the complete understanding of the impact 997 
of hurricanes on renewables. The most significant weather-dependent renewables are 998 
wind and PV power. While the method to estimate wind power under the impact of hur- 999 
ricane have been investigated [20][16], the estimation of large-scale PV power under hur- 1000 
ricanes has been poorly studied. This proposed method for PV estimation covers this gap 1001 
in the literature.      1002 

The proposed spatiotemporal method for estimating PV power profiles is both com- 1003 
prehensive and versatile. It was implemented in MATLAB coding and programmed to 1004 
generate the curves and the map of the hurricane trajectory. By synthesizing a set of ten 1005 
parabolic trajectories, the method effectively encompasses a significant portion of the hur- 1006 
ricane corridor extending from the Caribbean Sea to the Gulf of Mexico. By modeling the 1007 
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hurricane trajectory over a period of 10 to 14 days, the method more accurately captures 1008 
the long-distance physical reality of a hurricane. The application of this method yields 1009 
outcomes with international implications. In essence, the method is specifically tailored 1010 
for studies on large-scale super grids. Such versatility and comprehensiveness are not nor- 1011 
mally found on data-driven methods. 1012 

One important merit of this work is that the proposed method is an indispensable 1013 
tool for future time-series power flow simulations of large-scale PV systems under ex- 1014 
treme hurricanes. It is indispensable because it provides spatiotemporal PV power profile 1015 
estimations that can be injected on bus nodes for comprehensive power systems simula- 1016 
tions in realistic extreme weather conditions. Hurricanes causes PV power valley, but it is 1017 
unrealistic to assume that the massive expansion of renewables and associated intermit- 1018 
tency should be backed up by unlimited production of batteries. Bulk interconnectivity 1019 
schemes, as proved in the standalone Caribbean super grid scenario study, can reduce PV 1020 
power valleys during hurricanes from 37.8% to 8.9%, as shown on Table 5. Further meth- 1021 
ods and software tools are needed to support future comprehensive time-series power 1022 
flow studies of power systems with high levels of renewables operating in extreme 1023 
weather conditions.   1024 

 1025 
5.2. Limitations of this work and future work 1026 

This method was based on parametric modeling of hurricane shading, based on 1027 
equations empirically fitted and validated by Ceferino et al. [3]. The contribution of this 1028 
proposed method for super grid simulation builds over the parametric equations elabo- 1029 
rated by Ceferino et al. [3], but also adds novel elements such as the modeling of parabolic 1030 
multi-trajectories, and simulation of multiple PV plants in different interconnectivity 1031 
schemes of a proposed super grid. This research adopts parametric modeling to find flex- 1032 
ibility to study a hurricane in a multitude of trajectories with the aim of obtaining an over- 1033 
all understanding of the spatiotemporal impact of hurricanes on PV generation intercon- 1034 
nected to super grids.  1035 

Future data-driven method may find more accurate results studying a specific hurri- 1036 
cane hitting a specific spot for validation of specific PV power plant. The choice for para- 1037 
metric modeling was made to analyze hurricanes from the broad perspective of large- 1038 
scale PV capacity distributed in a multitude of countries in the Caribbeans, South America 1039 
and the US. Future alternative data-driven methods can find more accurate power esti- 1040 
mation for specific or synthetic hurricane trajectory. This research found few literatures 1041 
available to make feasible the complete validation of the proposed method over a distri- 1042 
bution of PV solar capacity over all countries in the Caribbeans, some countries of South 1043 
America and the US. A future data-driven method would be a much-needed effort for the 1044 
advancement of renewable energy science. 1045 

As for the scope limitation, this proposed method for estimation of PV power profile 1046 
does not intend to substitute power flow algorithms. This method intends to support more 1047 
in-depth and comprehensive conclusions generated by future power flow studies of the 1048 
Caribbean super grid and possible extended interconnections. A comprehensive analysis 1049 
of the time-series power flow on the proposed super grid can investigate hybrid systems 1050 
with other renewable energy sources such as wind power. Wind turbines generate a sur- 1051 
plus peak power during hurricanes [16].  1052 

Another restriction of the scope of this work is the analysis of techno-economic fea- 1053 
sibility since this method is in the incipient phase of basic studies. A comparison of the 1054 
cost-benefit of the proposed interconnected Caribbean super grid, incorporating wind 1055 
power assessment versus an alternative topology with large-scale batteries is a potential 1056 
topic for future investigations. Uncertainty and sensitivity analysis of different scenarios 1057 
are potential topics for future research. Further innovative and alternative methods for 1058 
technical justification of the US-Caribbean-South America super grid and other scenarios 1059 
can be investigated by the scientific community in future studies. 1060 
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Finally, another interesting topic for future studies is the estimation of wind and solar 1061 
power in the U.S.-Caribbean-South America super grid also in non-hurricane conditions 1062 
in all seasons.    1063 
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 1078 
 1079 

Appendix A 1080 
The main input parameters and the procedure to obtain the solar irradiance absorbed 1081 

by the fixed tilted PV solar plants in clear sky conditions are [23]:  1082 
 𝐿 :  Latitude of the PV plant 1083 
 𝐿𝑂𝐷: Longitude of the PV plant 1084 
 N: day number 258, corresponding to September 15, in the middle of the US hurri- 1085 

canes season.  1086 
 The remaining variables are described on the list of abbreviations (Appendix C). 1087 

 1088 
Calculation of the time difference with reference to GMT [23]: 1089 

𝑇 = 𝑟𝑜𝑢𝑛𝑑 
°

       (A1) 1090 

Calculation of angle of declination (𝛿 ) [23]: 1091 

𝛿 = 23.45° sin (𝑁 − 81)       (A2) 1092 

Calculation of 𝐵 and 𝐸𝑜𝑇 [23] [39]: 1093 

𝐵 =  (𝑁 − 81)        (A3) 1094 

𝐸𝑜𝑇 = 2.292 ∗ (0.0075 + 0.1868 ∗ 𝑐𝑜𝑠(𝐵) − 3.2077 ∗ 𝑠𝑖𝑛(𝐵)  − 1.4615 ∗ 𝑐𝑜𝑠(2 ∗ 𝐵) − 4.089 ∗  𝑠𝑖𝑛(2 ∗ 𝐵)) (A4) 1095 

Calculation of 𝐿𝑀𝑆𝑇 [23]: 1096 

𝐿𝑀𝑆𝑇 = 15° 𝑇         (A5) 1097 

Calculation of solar time correction (𝑇𝐶) [23]: 1098 

𝑇𝐶 =  
−4° (𝐿𝑀𝑆𝑇 − 𝐿𝑂𝐷) + 𝐸𝑜𝑇,      𝑖𝑓 𝐿𝑂𝐷 ≥ 0° 

     4° (𝐿𝑀𝑆𝑇 − 𝐿𝑂𝐷) + 𝐸𝑜𝑇,      𝑖𝑓 𝐿𝑂𝐷 < 0°
   (A6) 1099 

Calculation of sunrise and sunset hour angle time (𝜔  and 𝜔 ) [23]: 1100 

𝜔 = 𝑐𝑜𝑠 (− tan 𝐿 . tan 𝛿)      (A7) 1101 

𝜔 = 𝜔          (A8) 1102 
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Calculation of sunset solar time with correction (𝐴𝑆𝑇  and 𝑇 ) [23]: 1103 

𝐴𝑆𝑇 =
°

+ 12ℎ        (A9) 1104 

𝑇 = 𝐴𝑆𝑇 + |𝑇𝐶|       (A10) 1105 

Calculation of sunrise time with correction (𝐴𝑆𝑇  and 𝑇 ) [23]: 1106 

𝐴𝑆𝑇 =
°

− 12ℎ       (A11) 1107 

𝑇 = 𝐴𝑆𝑇 + |𝑇𝐶|       (A12) 1108 

Calculation of solar time (Ts) [23]: 1109 

 𝐿𝑆𝑇 = 𝐿𝑇 +         (A13) 1110 

Calculation of sin 𝛼  [23]: 1111 

sin 𝛼 = sin 𝐿 . sin 𝛿 + cos 𝐿 . cos 𝛿 . cos 𝜔    (A14) 1112 

Calculation of hour angle degree (𝜔 ) [23]: 1113 

𝜔 = 15° (𝐴𝑆𝑇 − 12ℎ)       (A15) 1114 

Calculation of extraterrestrial solar energy flux (𝐴) [23]: 1115 

𝐴 = 1160 + 75 𝑠𝑖𝑛 (𝑁 − 275)       (A16) 1116 

Calculation of factors 𝑘 and 𝐶 [23]: 1117 

𝑘 = 0.174 + 0.035 𝑠𝑖𝑛 (𝑁 − 100)      (A17) 1118 

𝐶 = 0.095 + 0.04 𝑠𝑖𝑛 (𝑁 − 100)      (A18) 1119 

Calculation of solar irradiation on horizontal surface: 1120 

Calculation of available beam radiation in the sky (𝐺 . ) [23]: 1121 

𝐺 . = 𝐴. 𝑒 ∝        (A19) 1122 

𝐺 =  𝐺 .  𝑠𝑖𝑛 ∝       (A20) 1123 

Calculation of diffuse solar irradiation (𝐺 )  [23]: 1124 

𝐺 =  𝐶 . 𝐺 .         (A21) 1125 

Calculation of total irradiation (𝐺 ) [23]: 1126 

𝐺 =  𝐺 + 𝐺         (A22) 1127 

Calculation of solar irradiation on tilt surface: 1128 

It is assumed that the tilt angle (𝛽) is the same as the latitude (𝐿) [23]. 1129 

𝛽 =  𝐿         (A23) 1130 

Calculation of 𝑅 , 𝑅  and 𝑅  [23]: 1131 

Liu and Jordan model define 𝑅  as [38] [23]: 1132 

𝑅 =  
( ) .  .  . ( ).

 .  .  . .
     (A24) 1133 

The equations adopted by commonly adopted for calculation of 𝑅  and 𝑅  are [23]: 1134 

𝑅 =
         (A25) 1135 

𝑅 =
         (A26) 1136 

Calculation of Irradiation (𝐺 , , 𝐺 , , 𝐺 ) [23]: 1137 
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𝐺 , = 𝐺  ×  𝑅         (A27) 1138 

𝐺 , = 𝐺  ×  𝑅         (A28) 1139 

𝐺 = 𝐺  ×  𝜌 × 𝑅        (A29) 1140 

where the ground Albedo (𝜌) is assumed to be 0.3, as in [23]. 1141 

Calculation of Total irradiation absorbed by fixed tilted PV module (𝐺( , )) [23]: 1142 

𝐺 , =  𝐺 , + 𝐺 , + 𝐺       (A30) 1143 

where: 𝐺 ,  is the beam solar irradiation by fixed tilted PV module, 𝐺 ,  is beam 1144 
solar irradiation by fixed tilted PV module, and 𝐺   is the reflected solar irradiation. 1145 

1146 
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Appendix B 1147 
Table B shows PV capacity distributed in 48 U.S. states, and 26 Brazilian states. 1148 

Table B. PV power capacity of U.S. and Brazil. 1149 

 U.S. States 

Cumula-
tive PV ca-

pacity 
[MW ac] 

[40] 

Latitude, Longitude 
Brazil  
States 

Cumula-
tive PV 
capacity 
[MW ac] 

[41] 

Latitude, Longi-
tude 

California 30,738 
36.232171, -119.916045; 
34.795990, -118.446496; 
35.382405, -120.058481 

Minas Gerais 6,468 -17.127722, -43.844568 
 

Texas 13,404 

31.095329, -102.344823; 
30.241752, -97.513868 
29.217125, -95.658233 
30.706400, -96.068545 

Bahia 2,402 -12.598216, -44.106217 

Florida 7,838 

27.763334, -82.234079 
30.515422, -86.514052 
30.449714, -83.198413 
30.289455, -82.777271 

Piaui 3,050 -10.098598, -45.258506 

North Carolina 6,371 
36.027904, -80.300748 
36.027838, -80.300811 
34.223174, -77.945766 

Sao Paulo 1,162 -21.295295, -49.935380 

Arizona 4,806 33.266410, -111.616842 Ceara 1,536 -3.988918, -38.393514 
Nevada 4,008 35.787342, -114.959010 Pernambuco 1,158 -9.070659, -38.146141 

New York 3,906 42.750417, -73.760531 Rio Grande do Norte 1,383 -5.566330, -37.028634 

Georgia 3,676 31.415000, -84.836573 
32.999522, -85.035689 

Paraiba 811 -6.840431, -36.930855 

New Jersey 3,413 40.334604, -74.646582 Rio Grande do Sul 23 -29.663366, -50.589770 

Massachusetts 3,257 42.445847, -72.622222 
42.402297, -71.007982 

Mato Grosso 22 -15.285470, -56.267769 

Virginia 3,032 36.792318, -76.668125 
37.960675, -75.555078 Parana 16 -25.341358, -49.094838 

Colorado 2,154 38.626906, -104.663352 Para 16 -3.224113, -52.255189 
Utah 2,001 39.843394, -111.884718 Roraima 14 2.815288, -60.683043 

Illinois 1,815 40.081691, -88.243801 Espirito Santo 13 -19.402187, -39.990263 
South Carolina 1,602 32.878153, -79.972821 Santa Catarina 12 -26.824511, -52.221743 

Maryland 1,496 39.112493, -75.963808 Mato Grosso do Sul 11 -21.927429, -54.867826 
Minnesota 1,309 45.097138, -93.644808 Tocantins 6 -10.145414, -48.316027 

Hawaii - Not contiguous US Rio de Janeiro 5 -21.266003, -41.761048 
New Mexico 1,173 35.048635, -106.529196 Goias 5 -15.385015, -49.090919 

Louisiana [42] 345   30.676825, -91.392683 Amapa 4 -0.002117, -51.083712 
Mississippi [42] 300 30.676447, -91.392408 Alagoas 4 -9.571945, -35.771952 
Alabama [42] 175 30.675551, -91.391077 Maranhao 2 -3.591578, -43.937995 

Tennessee [42] 150 32.510525, -89.730594 Roraima 2 2.815280, -60.683045 
Others 12,039 41.233289, -110.753551 Acre 1 -10.010626, -67.759293 

   Distrito Federal 1 -15.781504, -48.122397 
   Amazonas 1 -2.636500, -60.949138 
   Sergipe 1 -10.984704, -37.054391 

Total PV  
109,008 

MW 
in Dec 2022 [40][42] Total PV  

18,129 
MW 

in Oct 2023 [41] 

Total PV  1,000,000 
MW 

projected to 2050 [31] Total PV  58,500 
MW 

projected to 2050 [35] 
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The location of the aggregated power capacity of each North American and Brazil’s 1150 
states are distributed to the coordinates indicated. These coordinates were visually ob- 1151 
tained using Google Maps search for the most representative existing “PV solar plants” in 1152 
each state. This geospatial attribution of coordinates by state was assumed to limit the 1153 
computational cost and the total simulation processing time, without compromise on the 1154 
accuracy of power profile results. The PV power capacity of US states located in the path 1155 
of hurricanes were obtained from [42]. The power capacity of the US state indicated as 1156 
others is allocated to the state of Wyoming (outside the hurricanes corridor), to not inter- 1157 
fere as power valley in the estimation of PV power profile under hurricanes shading. 1158 

 1159 
 1160 
Appendix C 1161 

Table C. List of Abbreviations. 1162 

𝐴 W/m2 Extraterrestrial solar energy flux 

𝑎  - Hurricane shading slope factor 

𝑎  - Hurricane shading slope factor 

𝑎  - Parabola coefficient 

𝜌 - Albedo 

𝐴𝑆𝑇 h Apparent or true solar time 

𝐵 rad Equation of time (relative to the day number N in the year) 

𝑏  - Hurricane shading short-distance correction factor  

𝑏  - Hurricane shading short-distance correction factor 

𝑏  - Parabola coefficient 

𝛽   ° Tilt angle of PV module 

𝑐  - Hurricane shading scale factor 

𝑐  - Hurricane shading scale factor 

𝑐  - Parabola coefficient 

𝐶 - Hurricane category 

𝑑 km Distance to the hurricane eye. 

𝛿  - Global Horizontal Irradiance (GHI) Decay 

𝛿    ° Angle of declination 

∆𝑃 % PV solar power variability 

𝐸𝑜𝑇 minutes Difference between apparent and mean solar times 

𝑓 - Functional forms 

𝐹  % Fossil fuel dependence factor 

𝐹  % PV expansion factor 

𝑓  - Derating factor of PV cell 

GHI kW/m2 Global Horizontal Irradiance 

𝐺  kW/m2 Beam solar irradiation by collector on a horizontal surface 

𝐺 .  kW/m2 Beam solar irradiation in the sky 

𝐺  kW/m2 Diffuse solar irradiation 

𝐺  kW/m2 Reflected solar irradiation 

𝐺  kW/m2 Incident radiation at standard test conditions (equal to 1 kW/m2) 
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𝐺 ,  kW/m2 Total solar irradiation absorbed by fixed tilted PV module 

𝛾 1/°C Temperature coefficient of PV panel (3.5 × 10−3 1/°C), 

𝐼 p.u. Irradiance for per unit calculation in clear sky 

𝐼  % Clearness factor 

𝐿  ° Latitude of the PV plant  

𝐿𝑂𝐷   ° Longitude of the PV plant  

𝐿𝑀𝑆𝑇   ° Local mean sidereal time, degrees 

𝑁 day Day number in a year  

NOAA - National Oceanic and Atmospheric Administration 

𝑃  MW PV power in pre-hurricane conditions  

𝑃  MW Minimum instantaneous peak PV power  

𝑃 ,  MWac Photovoltaic power capacity 

𝑃  MW Total power capacity of a country 

PV - Photovoltaic 

𝑅 km Relative distance to the hurricane eye 

𝑅𝑂𝐶𝐼 km Radius of outermost closed isobar. 

𝑅  % Ratio between global solar energy on a horizontal surface 
and global solar energy on a tilted surface. 

𝑅  % Ratio between diffuse solar energy on a horizontal surface 
and diffuse solar energy on a tilted surface. 

𝑅  % Factor of reflected solar energy on a tilted surface 
𝑇  °C Ambient temperature (in °C) 

𝑇𝐶 °C Solar time correction 

𝑇  °C PV cell temperature (in °C) 

𝑇 ,  °C PV cell temperature at standard test conditions (equal to 25 °C) 

𝑇  h Time difference with reference to GMT 

𝑇  h Time of sunrise with correction 

𝑇  h Time of sunset with correction 

𝜔  ° Hour angle degree 

𝜔  ° Sunrise hour angle time  

𝜔  ° Sunset hour angle time  

𝑥  ° Latitude of hurricane eye in parabola trajectory  

𝑦  ° Longitude of hurricane eye in parabola trajectory  
 1163 
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