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Executive Summary

We conducted a wind resource analysis and mapping study for the Philippine archipelago to
identify potential wind resource areas and to quantify the value of that resource within those
areas. This is a major study and the first of its kind undertaken for the Philippines. The key to
the successful completion of the study is an automated wind resource mapping program recently
developed at the National Renewable Energy Laboratory (NREL).

The wind resource mapping program uses an advanced computerized mapping system known as
the Geographic Information System (GIS). The two primary inputs to the mapping system are
gridded 1-square kilometer (km®) terrain data and meteorological data. The meteorological data
sources include surface (land and open-ocean) and upper-air data sets. These data are screened to
select representative stations and data periods for use in the mapping system. The final
meteorological inputs to the mapping system are vertical wind profile(s), wind power rose(s) (the
percentage of total potential power from the wind by direction sector), and the open-ocean wind
power density, where appropriate. The GIS determines any required adjustments to these
composite distributions for each 1-km” grid cell. The factors that have the greatest influence on
the adjustment for a particular grid cell are the topography in the vicinity and a combination of
the absolute and relative elevation of the grid cell. The primary output of the mapping system is a
color-coded map containing the estimated wind power, and equivalent wind speed, for each
individual grid cell.

To portray the mapping results, the Philippine archipelago was divided into 13 regions. Each
region is approximately 300 km by 300 km. The regional divisions were determined principally
on the geography of the archipelago and the desire to maintain the same map scale for each
region. Surface, satellite, and upper-air data were assembled, processed, and analyzed. These
data sets included information provided by the Philippine Atmospheric, Geophysical, and
Astronomical Services Administration (PAGASA), the Philippine National Power Corporation
(NPC), data sets from the United States National Climatic Data Center (NCDC), and other U.S.
data. The satellite data sets of calculated wind speed at 10-meter (m) heights over ocean areas
were extremely useful in this analysis because of the large expanse of ocean surrounding the
archipelago and the limited number and value of land-based observations. The mapping system
was applied to each of these 13 regions, and the wind resource maps for each region were
generated.

A combination of wind characteristics helps determine the wind energy resource in a particular
area. Factors such as the annual and monthly average wind speeds and the seasonal and diurnal
wind patterns affect the suitability of an area. In general, locations with an annual average wind
speed of 6.5 to 7.0 meters per second (m/s) or greater at turbine hub height, are the most suitable
for utility grid-connected wind energy systems. Rural power applications are typically viable at
lower wind speeds (5.5 to 6.0 m/s), and, in some cases, at wind speeds as low as 4.5 m/s.

The average wind speed is not the best indicator of the resource. Instead, the level of the wind
resource is often defined in terms of the wind-power-density value, expressed in watts per square
meter (W/m?). This value incorporates the combined effects of the wind speed frequency
distribution, the dependence of the wind power on air density, and the cube of the wind speed.
Thus, six wind power classifications, based on ranges of wind-power-density values, were
established in each of two categories: one for utility-scale applications (ranging from marginal to
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excellent) and one for rural power applications (ranging from moderate to excellent). This
classification scheme is presented in Table S-1.

Table S-1. Wind Power Classification

Class Resource Potential Wind Power Wind Speed @
Utility Rural Density (W/m?) (m/s) @ 30 m
@30m
1 Marginal Moderate 100 —200 44 -56
2 Moderate Good 200 — 300 56 -64
3 Good Excellent 300 —400 64 —-7.0
4 Excellent Excellent 400 - 600 7.0 -8.0
5 Excellent Excellent 600 — 800 8.0 —8.8
6 Excellent Excellent 800 — 1200 8.8-10.1

() Mean wind speed is estimated assuming a Weibull distribution of wind speeds with a shape factor (k) of 2.0 and
standard sea-level air density. The actual mean wind speed may differ from these estimated values by as much as
20 percent, depending on the actual wind speed distribution (or Weibull k value) and the elevation above sea level.

The wind resource in the Philippines is strongly dependent on latitude, elevation, and proximity
to the coastline. In general, the best wind resource is in the north and northeast, and the worst
resource is in the south and southwest of the archipelago.

The wind mapping results show many areas of good-to-excellent wind resource for utility-scale
applications or excellent wind resource for village power applications, particularly in the northern
and central regions of the Philippines. The best wind resources are found in six regions: (1) the
Batanes and Babuyan islands north of Luzon; (2) the northwest tip of Luzon (Ilocos Norte); (3)
the higher interior terrain of Luzon, Mindoro, Samar, Leyte, Panay, Negros, Cebu, Palawan,
castern Mindanao, and adjacent islands; (4) well-exposed east-facing coastal locations from
northern Luzon southward to Samar; (5) the wind corridors between Luzon and Mindoro
(including Lubang Island); and (6) between Mindoro and Panay (including the Semirara Islands
and extending to the Cuyo Islands).

More than 10,000 km® of windy land areas are estimated to exist with good-to-excellent wind
resource potential. Using conservative assumptions of about 7 MW per km?, this windy land
could support more than 70,000 MW of potential installed capacity. Considering only the areas
of good-to-excellent wind resource, there are 47 provinces out of 73 with at least 500 MW of
wind potential and 25 provinces with at least 1,000 MW of wind potential. However, to
accurately assess the wind electric potential will require additional studies, considering such
factors as the existing transmission grid and accessibility.

The wind mapping results also show numerous additional areas of moderate wind resource for
utility-scale applications or good wind resource for village power applications. If these additional
areas are considered, the estimated total land area increases to more than 25,000 km®. Using
conservative assumptions of about 7 MW per km’, this land could support more than 170,000
MW of potential installed capacity. On a provincial basis, there are 51 provinces out of 73 with
at least 1,000 MW of wind potential and 64 provinces with at least 500 MW of wind potential.

The seasons have a pronounced effect on the wind resource. The best resource is in the winter
during the northeast monsoon, and the poorest resource is in the summer during the southwest
monsoon. Throughout most of the Philippines, the highest wind resource occurs from November
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through February, and the lowest from April to September. However, there are some regional
differences in the seasonal variability. For example, in the northern Philippines, the months with
the highest wind resource are October through February; and in much of the central and southern
Philippines, November through March are the months with the highest wind resource. Two areas
of the Philippines (the southeastern Mindanao coast and the western coast of Palawan) have a
relatively high wind resource from June through September during the southwest monsoon.

The wind resource maps and other wind resource characteristic information will be useful in
identifying prospective areas for wind-energy applications. However, very limited data of
sufficient quality were available to validate the wind resource estimates. Therefore, we strongly
recommend that wind measurement programs be conducted to validate the resource estimates and
to refine the wind maps and assessment methods where necessary.



Wind Energy Resource
Atlas of the Philippines

1.0 Introduction

Upon learning of the National Renewable Energy Laboratory’s (NREL) capability in regional- or
national-scale wind energy resource assessment, the Winrock International Philippines
Renewable Energy Project Support Office (REPSO) and Preferred Energy, Inc. (PEI), worked
with other interested parties in the Philippines to propose and fund the development of a national-
level Wind Energy Resource Atlas. The Philippine Council for Industry and Energy Research
and Development (PCIERD), of the Department of Science and Technology (DOST), and the
Philippines National Oil Company (PNOC) each provided funding for the study through Winrock
International. The U.S. Department of Energy (DOE) provided significant funding for the
development of the Wind Energy Resource Atlas, and the U.S. Agency for International
Development (USAID) supported the overall coordination and data gathering for the Wind Atlas
development effort. The project was intended to facilitate and accelerate the use of wind energy
technologies—both for utility-scale generation and off-grid wind energy applications—in the
Philippines, by providing the best possible estimates of wind energy resources over the entire
national territory. The Philippines National Power Corporation (NPC) supported the project by
contributing wind-monitoring data collected at 14 prospective wind energy sites and by providing
other technical assistance.

Winrock International and REPSO had the lead responsibility in administering this project and in
collaborating with the Philippine organizations and NREL on project activities. NREL had the
technical lead for the wind resource analysis and mapping activities. The primary goal was to
develop detailed wind resource maps for all regions of the Philippines and to produce a
comprehensive wind-resource atlas documenting the mapping results.

This document, the “Wind Energy Resource Atlas of the Philippines,” presents the wind-resource
analysis and mapping results for the Philippines. The maps identifying the wind resource were
created using a Geographic Information System- (GIS) based program developed at NREL. The
mapping program, which combines high-resolution terrain data and formatted meteorological
data, is designed to highlight areas possessing a favorable wind resource where specific wind
energy projects, both for utility-grid applications and rural power applications, are likely to be
feasible. The entire Philippines archipelago was mapped as part of this study. This is the first
detailed national-scale wind energy resource atlas for a developing country, and one of the very
first in the world. In addition to the Philippines, NREL has applied its new wind mapping system
to produce wind resource assessments of the Dominican Republic (Elliott, 1999) and Mongolia
(Elliott et al., 1998), and specific regions of Chile, China, Indonesia, Mexico, and the United
States (Schwartz, 1999; Elliott et al., 1999).

The report is divided into six sections. An overview of the geography and climate of the
Philippines is presented in Section 2.0. The wind resource information used to create the
meteorological input files is highlighted in Section 3.0. A description of the mapping system is
presented in Section 4.0. The wind resource characteristics of the Philippines and the wind
mapping results are presented in Sections 5.0 and 6.0, respectively.

Appendices are included that highlight the analysis results from the NPC monitoring sites and
selected surface-based sites from the DATSAV?2 database, summarize data for three of the upper-
air stations, and show maps and monthly summaries of wind speed and wind power from the
satellite ocean wind data.
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2.0 Geography and Climate of the Philippines
2.1 Geography

The Philippines is an archipelago consisting of 7,107 islands in the western Pacific. Figure 2-1 is
a political base map of the Philippines and includes the names of major islands and cities.
Boundaries of the 73 provinces are also shown in the figure. The population of the Philippines is
76,103,564 (July 1997 est.). The land area is approximately 299,000 square kilometers (km)
(116,610 square miles), and there is approximately 36,289 km of coastline. The Philippines
archipelago is centered at approximately 13 degrees north latitude and 122 degrees east longitude.
Taiwan is north of the archipelago, Indonesia is south, and Eastern Malaysia and Brunei are
southwest. Of all the islands in the archipelago, only 2,000 are inhabited. Luzon and Mindanao
are the largest islands and comprise 66% of the total area of the country.

The terrain, shown in Figure 2-2, is largely mountainous with narrow coastal plains and interior
plains and valleys. The principal valleys are in Central Luzon and include the northeastern
Cagayan Valley and the Agusan Basin in the far south. There are numerous dormant and active
volcanoes, such as Mt. Pinatubo on Luzon. The highest point in the archipelago is Mt. Apo on
Mindanao at 2,954 meters (9,689 feet).

2.2 Climate

The Philippines has a tropical marine climate dominated by a wet season and a dry season.
Prevailing winds govern the seasons. The southwest monsoon brings heavy rains to the
archipelago from May to October, while the northeast monsoon brings cooler and drier air from
December to February. The easterly trade winds induce hot, dry weather in March and April.
However, the climate varies somewhat by region.

The northeast monsoon affects the northern part of the Philippines in October and reaches the
southern portion of the archipelago by November. This wind flow attains its maximum strength
in December throughout much of the Philippines and generally weakens by late March. The
southwest wind first affects the northern part of the archipelago by early May and reaches the
southern portion by June, attaining maximum intensity in August and gradually disappearing in
October.

Mean annual sea-level temperatures rarely fall below 27 degrees Centigrade (°C). Annual rainfall
is quite heavy in the mountains, but is much less in some sheltered valley areas. Typhoons, or
eastern Pacific hurricanes, frequently hit the Philippines during the hurricane season, which
extends from July through October, especially in northern and eastern Luzon, Bicol, and the
eastern Visayas.
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3.0 Wind Resource Information
3.1 Introduction

An accurate wind resource assessment is highly dependent on the quantity and quality of the
input data. NREL reviews numerous sources of wind speed data and previous wind energy
assessments as part of its overall evaluation. We used several global wind data sets that have
recently become available in this assessment. These data sets included land surface observations,
marine data, and upper-air data. Multiple data sets are used because the quality of data in any
particular data set can vary, and because high-quality data can be quite sparse in many regions of
the world. Each data set plays an integral role in the overall assessment. This chapter
summarizes the data sets analyzed in the wind resource mapping effort for the Philippines.

3.2 Surface Data

High-quality surface wind data from well-exposed locations can provide the best indication of the
magnitude and distribution of the wind resource in the analysis region. The locations of
meteorological stations in the Philippines where surface wind speed data were available are
presented in Figure 3-1. The following sections present a summary of the surface data sets used
in the assessment.

3.2.1 PAGASA

The National Institute of Climatology, Philippine Atmospheric, Geophysical, and Astronomical
Services Administration (PAGASA) provided summarized data and several reports for this study.
The summarized data included average wind speed and prevailing direction, by month, for 44
stations covering the period from 1961 to 1992. The two reports provided for this study included
Climatological Normal of Surface Winds in the Philippines, prepared by the National Institute of
Climatology, PAGASA, in January 1988, and Solar Radiation and Wind Mapping of the
Philippines, also prepared by the National Institute of Climatology, PAGASA, in October 1986.

3.2.2 National Power Corporation

The NPC provided data from several wind-resource monitoring programs operated by NPC from
1994 to 1997, including hourly average wind speed and prevailing direction from nine sites, using
30-m-tall towers and state-of-the-art data acquisition equipment. The period of record at these
nine sites varied from 9 months to 20 months. Monthly average wind speeds from five additional
sites employing shorter towers were also provided.
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3.2.3 DATSAV2

This global climatic database, obtained from the U.S. National Climatic Data Center (NCDC),
contains the hourly surface weather observations from first-order meteorological stations
throughout the world. This data set is the primary source of surface wind information used in the
analysis. NREL currently has 24 years of DATSAV2 data in its archive, spanning the period
1973 to 1996. Additional years of data, in some cases back to the 1940s, were available in
DATSAV?2 for many stations in the Philippines. Meteorological parameters such as wind speed,
wind direction, temperature, pressure, and altimeter setting are extracted from the hourly
observations and used to create statistical summaries of wind characteristics. Most of the stations
in the Philippines transmitted synoptic observations every 3 hours; many stations did not transmit
during late-night hours. At many stations, the transmission frequency changed over the years.
Some stations transmitted more frequently (hourly) or less frequently (such as every 6 hours)
during some time periods. Each station in the DATSAV2 data set is identified by a unique six-
digit number based on the World Meteorological Organization (WMO) numbering system for the
stations in the Philippines.

3.2.4 Marine Climatic Atlas of the World

This is one of two global marine wind data sets used by NREL to provide estimates of the wind
resource for offshore areas as well as coastal and inland sites that are well-exposed to the ocean
winds. This data set, compiled from historical ship observations, presents summarized wind
statistics for a 1-degree-latitude by 1-degree-longitude grid. Measurements are concentrated
along the major shipping routes. Included are summaries of the monthly means and standard
deviations of wind speed, pressure, temperature, and wind direction frequency and speed.

3.2.5 Special Sensor Microwave Imager (SSMI)

The SSMI, which is part of the Defense Meteorological Satellite Program, provides 10-m ocean
wind speed measurements. This data set provides much more uniform and detailed coverage of
oceanic wind speeds than the Marine Climatic Atlas of the World. Comparisons of satellite-
derived winds with ship observations along major shipping routes indicate consistent results.
NREL currently has 9 years of SSMI data covering the period 1988 to 1996.

3.3 Upper-Air Data

Upper-air data can provide an estimate of the wind resource at low levels in the atmosphere and
contribute to the understanding of the vertical distribution of the wind resource. This is useful in
estimating the winds on elevated terrain features and for estimating the wind resource at exposed
locations in areas without reliable surface wind observations. The following two upper-air data
sets were employed in the assessment.
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3.3.1 Automated Data Processing Reports (ADP)

This data set contains upper-air observations from rawinsonde instruments and pilot balloons for
approximately 1,800 stations worldwide. Observation times include 00, 06, 12, and 18
Greenwich Mean Time (GMT). Wind information is available from the surface, from mandatory
pressure levels (1,000 mb, 850 mb, 700 mb, and 500 mb), from significant pressure levels (as
determined by the vertical profiles of temperature and moisture), and from specified geopotential
heights above the surface. The significant pressure levels and geopotential heights are different
for each upper-air observation. The data set housed at NREL has approximately 25 years of
observations, beginning in 1973.

3.3.2 Global Gridded Upper-Air Statistics

This data set contains monthly means and standard deviations of climatic elements for 15
atmospheric levels on a 2.5-degree global grid. We obtained the data, which covers the period
1980 to 1991, from the NCDC. This data set is used to supplement the ADP information in areas
where upper-air data are scarce.

3.4 Data Screening

The reliability of the meteorological input data is the most important factor in creating an
accurate wind resource map. A recent NREL paper (Schwartz and Elliott, 1997) describes the
integration, analysis, and evaluation of different meteorological data sets for use in wind resource
assessment. Known problems associated with observations taken at many meteorological stations
around the world include a lack of information on anemometer height, exposure, hardware,
maintenance history, and observational procedures. In addition, many areas of the world with the
potential to have good or excellent wind resource sites have very little or no meteorological
stations to provide guidance on assessing the wind magnitude and characteristics.

An analysis of the meteorological data is performed using techniques developed by NREL
specifically for wind resource analysis. We used a comprehensive data-processing package to
convert the surface and upper-air data to statistical summaries of the wind characteristics. The
summaries, presented as a series of graphs and tables in the appendices, were used to highlight
the regional wind characteristics. The DATSAV2 summaries include the interannual variability
of the wind speed and wind power, the average wind speed and power on a monthly basis, the
diurnal distribution of the wind resource, and the mean wind speed and frequency by direction
sector. The wind power density is also computed and analyzed because it provides a truer
indication of the wind resource potential than wind speed. We generated similar types of
summaries for the upper-air data at specific geopotential heights or pressure levels of interest.
We also generated monthly and annual average vertical profiles of wind speed by geopotential
height or pressure level from the upper-air data.

Site-specific products are screened for consistency and reasonableness. For example, the
interannual wind speeds are evaluated to identify obvious trends in the data, or periods of
questionable data. Only representative data periods are selected from the entire record for the
assessment. The summarized products are also cross-referenced against each other to select sites
that apparently have the best exposure and to develop an understanding of the wind
characteristics of the study region. This is important because of the variable quality of the data
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and, in most cases, the lack of documentation of the anemometer height and exposure. For
assessment purposes, NREL assumes an anemometer height of 10 m (the WMO standard height)
unless specific height information is provided. When there is a conflict among the information as
to certain wind characteristics in the analysis region, the preponderance of meteorological
evidence from the region serves as the basis of the input. The goal of the data analysis and
screening process is to develop a conceptual model of the physical mechanisms, both regional
and local in scale, that influence the wind flow.

3.5 Weibull Distribution Function

The Weibull Distribution Function is a generally accepted methodology used to estimate the wind
speed frequency distribution. The Weibull Function is defined as follows:

Fy=(k/c)V/ie) " exp(=V/c)

where f(V) is the Weibull probability density function where the probability of encountering a
wind speed of V m/s is f(V); ¢, expressed in m/s, is the Weibull scale factor, which is typically
related to the average wind speed through the shape factor; and & is the Weibull shape factor,
which describes the distribution of the wind speeds. Detailed explanations of the Weibull
Distribution Function and its application are available in many texts, such as that by Rohatgi and
Nelson (1994).

3.6 Wind Power Density

The wind resource at a site can be described by the mean wind speed, but the wind power density
(WPD) provides a truer indication of a site’s wind energy potential. The power density is
proportional to the sum of the cube of the instantaneous or short-term average wind speed and the
air density. The wind power density, in units of W/m?, is computed by the following equation:

1 n
WPD=2—Zp><Vi3 (W/m?)
n 5

where

n = the number of records in the averaging interval;
p = the air density (kg/m’) at a particular observation time; and
vi = the cube of the wind speed (m/s) at the same observation time.

This equation should only be used for instantaneous (n = 1) or multiple average wind speed
values (n>1) and not for a single long-term average, such as a yearly value.

The air density term is dependent on temperature and pressure and can vary by 10% to 15%

seasonally. If the site pressure is known, the hourly air-density values, with respect to air
temperature, can be calculated using the following equation:

—L(k /m?*)
P=RxT &
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where

P = the air pressure (Pa or N/m’);
R = the specific gas constant for air (287 J/kg-K); and
T = the air temperature in degrees Kelvin (°C+273).

If site pressure is not available, air density can be estimated as a function of site elevation (z) and
temperature (T) as follows:

-gz

p:( P, jg(m)(kg/ms)
R-T

where

Py = the standard sea level atmospheric pressure (101,325 Pa), or the actual sea-
level adjusted pressure reading from a local airport;

g = the gravitational constant (9.8 m/s%); and

z = the site elevation above sea level (m).

Substituting in the numerical values for Py, R, and g, the resulting equation is:

353.05) -0034 "
p:( : )80034(t)(kg/m3)

This air density equation can be substituted into the WPD equation for the determination of each
instantaneous or multiple average value.

3.7 Wind Shear and the Power Law

The wind shear is a description of the change in horizontal wind speed with height. The
magnitude of the wind shear is site-specific and dependent on wind direction, wind speed, and
atmospheric stability. By determining the wind shear, one can extrapolate existing wind speed or
wind-power-density data to other heights. The following form of the power law equation is used
to make these adjustments:

U = Uy (z/zp)* [Wind Speed]

P=P, (Z/Zo)Sa [Wind Power Density]

10
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where

U = the unknown wind speed at height z above ground;

Uy = the known speed at a reference height z;

P = the unknown wind power density at height z above ground;
Py = the known wind power density at a reference height z;

o, = the power law exponent.

An exponent of 1/7 (or 0.143), which is representative of well-exposed areas with low surface
roughness, is often used to extrapolate data to higher heights.

11
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4.0 Wind Resource Assessment and Mapping Methodology
4.1 Introduction

NREL has been developing its GIS-based wind resource mapping technique since 1996. This
technique replaces the manual analysis techniques employed in previous mapping efforts, such as
the Wind Energy Resource Atlas of the United States (Elliott et al., 1987) and the “Mexico Wind
Resource Assessment Project” (Schwartz and Elliott, 1995). NREL developed the system with
the following two primary goals in mind:

1) To produce a more consistent and detailed analysis of the wind resource, particularly in areas
of complex terrain; and,

2) To generate user-friendly high-quality map products.

4.2 Description of Mapping System

The mapping procedure uses GIS advanced computerized mapping system. The main GIS
software is ARC/INFO, a powerful and complex package featuring a large number of routines for
scientific analysis. None of the ARC/INFO analysis routines is specifically designed for wind
resource assessment work, so NREL’s mapping technique requires extensive programming in
ARC/INFO to create combinations of scientific routines that mimic direct wind-resource
assessment methods. The mapping system is divided into three main components: input data,
wind power calculations, and the output section that produces the final wind resource map. These
components are described below.

4.2.1 Input Data

The two primary model inputs are digital terrain data and formatted meteorological data. The
elevation information consists of Digital Elevation Model (DEM) terrain data that are used to
divide the analysis region into individual grid cells, each having its own unique elevation value.
The United States Geological Survey (USGS) and the Earth Resource Observing Satellite Data
Center (EROS) recently produced updated DEMs for most of the world from previously
classified Department of Defense data and other sources. The new data sets have a resolution of
1 km® and are available for large parts of the world. This represents a significant improvement in
elevation data used by the mapping system. It previously relied on 1:1,000,000 scale maps and
305-m (1,000 ft) elevation contours. Most of the final wind resource maps are gridded to 1 km®.

The final meteorological inputs to the mapping system, following the data screening process, are
vertical wind profile(s), wind power rose(s) (the percentage of total potential power from the
wind by direction sector), and the open-ocean wind-power density, where appropriate. The data
are brought in as ARC/INFO-compatible files and used in the power calculation algorithms. The
vertical profiles are broken down into 100-m intervals centered every 100 m above sea level (asl),
except for the lowest layer, which is at 50 m asl. The wind power rose is used to determine the
degree of exposure of a particular grid cell to the power-producing winds. The open-ocean wind
power density is derived from the SSMI and ship wind speed observations, converted to wind
power density, and extrapolated to 30 m for use by the model.

12
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4.2.2 Wind Power Calculations

The wind-power-calculation methodology is presented in Section 3.6. The factors that either
decrease or increase the base wind power value for a particular grid cell are terrain
considerations, relative and absolute elevation, aspect (the slope of the terrain relative to the
prevailing wind direction), distance from ocean or lake shorelines, and influence of small-scale
wind flow patterns. The factors that have the greatest influence on the adjustment of the base
wind power for a particular grid cell are the topography of the area in the vicinity and a
combination of the absolute and relative elevation. The wind-power-calculation modules use the
wind power rose and vertical wind profile of a region to account for the effects of short-range
(less than 10 km), medium-range (10-50 km), and long-range (greater than 50 km) blocking of
the ambient wind flow by the terrain; the slope and aspect of the terrain surrounding a particular
grid cell; and the relative elevation of a grid cell compared to its surroundings.

The wind power calculations are performed in three modules, depending upon the existence or
proximity of oceans or large lakes to the mapping region. These include “land,” “ocean,” and
“lake” modules. The land module is run for the entire area only if there is no ocean present in the
mapping region. Likewise, the ocean module is run for the entire area in instances where there is
an ocean shoreline present in the mapping region. The lake module is run only if there are lakes,
estuaries, or fjords with an area of 50 km® or greater. This module only calculates the wind
power for the area within 5 km of any non-ocean body of water in the mapped region. If more
than one module is run for a particular region, the results are combined to produce the final wind
map. Each of the three modules contains identical routines that use a general topographical
description to adjust the base wind power density. The topographical description can be
classified as either complex terrain (hills and ridges), complex terrain with large flat areas
present, or areas that are designated as flat. The adjustment to the base wind-power density
depends on which terrain routine is activated during the mapping run.

4.2.3 Mapping Products

The primary output of the mapping system is a color-coded wind power map in units of W/m’
and the equivalent mean wind speed for each individual grid cell. The wind power classification
scheme for the Philippines maps is presented in Table 4-1. We used the one-seventh-power law
(see Section 3.7) to adjust the power densities to a height of 30 m above ground, used as the
reference height in the classification. The 30-m height was chosen as a compromise hub height
between large utility-scale wind turbines (which may range between 30 m to 60 m) and small
wind turbines (which may range between 15 m and 30 m) for rural power applications.

Wind power is calculated only for those grid cells that meet certain exposure and slope
requirements. As a result, only the most favorable wind resource areas are highlighted. For
example, a grid cell is excluded if there is major blocking of the ambient wind flow by local
terrain features. The exposure must be at least 70% to be included. A grid cell can also be
excluded if the slope of the terrain is too steep. To be included, the slope must not exceed 20%.
The wind resource values presented are estimates for low surface roughness (e.g., grassland with
no major obstructions, such as trees or buildings).
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Table 4-1. Wind Power Classification

Class Resource Potential Wind Power Wind Speed @
Utility Rural Density (W/mz) (m/s) @ 30 m
@30m
1 Marginal Moderate 100 - 200 44 -56
2 Moderate Good 200 - 300 56 -64
3 Good Excellent 300 -400 64 -7.0
4 Excellent Excellent 400 - 600 7.0 -8.0
5 Excellent Excellent 600 - 800 8.0 -8.8
6 Excellent Excellent 800 -1200 8.8-10.1

@) Mean wind speed is estimated assuming a Weibull distribution of wind speeds with a shape factor (k) of 2.0 and
standard sea-level air density. The actual mean wind speed may differ from these estimated values by as much as
20 percent, depending on the actual wind-speed distribution (or Weibull k value) and elevation above sea level.

The output portion of the mapping system also includes software to produce the proper map
projection for the region. It labels the map with useful information, such as a legend, latitude and
longitude lines, locations of meteorological stations, prevailing wind direction(s), important
cities, and a distance scale. The DEM data can also be used to create a color-coded elevation
map, a hill-shaded relief map, and a map of the elevation contours. When combined with the
wind power maps, these products enable the user to obtain a feel for the three-dimensional
distribution of the wind power in the analysis region.

4.3 Limitations of Mapping Technique

There are several limitations to the mapping technique, the first being the resolution of the DEM
data. Significant terrain variations can occur within the DEM’s 1 km® area; thus, the wind
resource estimate for a particular grid cell may not apply to all areas within the cell. A second
potential problem is the development of the conceptual model of the wind flow and its
extrapolation to the analysis region. There are many complexities in the wind flow that make this
an inexact methodology, including the structure of low-level jets and their interaction with the
boundary layer, and localized circulations, such as land-sea breezes, mountain-valley flows, and
channeling effects in steeply sloped areas. Finally, the power estimates are valid for areas with
low surface roughness. Estimates for areas with a higher surface roughness need to be adjusted
accordingly.
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5.0 Wind Resource Characteristics of the Philippines
5.1 Introduction

This section presents and discusses both surface and upper-air data, collected for this study.
These data sources include those data archives available at NREL and the data provided by local
agencies in the Philippines.

5.2 Surface Data

5.2.1 PAGASA

PAGASA provided NREL a summary of the average wind speed and prevailing direction for 44
surface-based stations and two reports: Climatological Normal of Surface Winds in the
Philippines (January 1988) and Solar Radiation and Wind Mapping of the Philippines (October
1986).

The Climate Data Section, the Climatology and Agrometeorology Branch of PAGASA, prepared
a summary of monthly average wind speeds and prevailing directions for 44 stations in the
Philippines. These are principally the synoptic reporting stations managed by PAGASA, listed in
Table 5-1 and shown in Figure 5-1. Wind speed and direction is collected nominally at 10 m (33
feet) above ground level. The annual average wind speeds at these stations are quite low, ranging
from 1.0 to 5.0 m/s.

The PAGASA Report Climatological Normal of Surface Winds In the Philippines presents a
series of maps with average wind speed and prevailing wind direction, by month, for the
archipelago. Samples of the maps are included as Figures 5-2 and 5-3. These maps are based on
a variety of data sources, including stations where winds are estimated using the Beaufort Scale
of Wind. This report included a table of the highest wind speeds recorded in the Philippines, by
month. The highest wind gust recorded in the country was 77 m/s at Virac Synop on October 13,
1970, associated with the landfall of Typhoon “Sening”.

The PAGASA Report Solar Radiation and Wind Mapping of the Philippines presents wind flow
maps, but also includes, by month, an analysis of the shape and scale parameters (both related to
the Weibull distribution), the mean wind speed, and the mean wind-power density. The
conclusions are based on two data sets. The first set consists of 30 years (1951-1980) of surface
wind data at 10 m for 23 synoptic stations. These data were observed using a 3—5-minute
averaging period from a wind instrument indicator or the Beaufort Scale Wind Force method
taken every 3 hours. The second set of surface wind data is based on data extracted from chart
recorders. The period of record covers mid-1981 to mid-1984 (approximately 3 years).

These data were then plotted and analyzed. The highest annual average wind speeds and
corresponding high wind-power density occurred along the north coast of Luzon and the northern
islands, the east and west central parts of the archipelago, and on a ridgeline overlooking the Taal
Volcano. Mean monthly wind speeds are highest in the winter during the northeast monsoon and
lower during the summer. The diurnal variation of the wind speeds showed significant
variability. For example, some sites showed the highest wind speeds were during midday, other
sites showed a peak at midnight.
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Table 5-1
List of Synoptic Stations Provided By PAGASA
Station Name Latitude Longitude Elevation Period of Annual Average
(m) Record Wind Speed
(m/s)
Alabat, Quezon 14 01 122 01 5.0 1961-92 3.0
Ambulong, Batangas 14 05 121 03 10.0 1961-92 2.0
Aparri, Cagayan 18 22 121 38 3.0 1961-92 3.0
Baguio City, Benguet 16 25 120 36 1,500.0 1961-92 2.0
Baler, Quezon 15 46 121 34 6.0 1961-92 2.0
Basco, Batanes 20 27 121 58 11.0 1961-92 5.0
Butuan City, Agusan Del Norte 08 56 125 31 18.0 1981-92 1.0
Cabanatuan, Nueva Ecija 1529 120 58 32.0 1961-92 2.0
Cagayan De Oro, Misamis Oriental 08 29 124 38 6.0 1961-92 1.0
Calapan, Oriental Mindoro 1325 121 11 40.5 1961-92 2.0
Casiguran, Quezon 16 17 122 07 4.0 1961-92 2.0
Catarman, Northern Samar 1229 124 38 50.0 1961-92 2.0
Catbalogan, Western Samar 1147 124 53 5.0 1961-92 2.0
Coron, Palawan 1200 120 12 14.0 1961-92 2.0
Cuyo, Palawan 10 51 121 02 4.0 1961-92 5.0
Dagupan City, Pangasinan 16 03 120 20 2.0 1961-92 3.0
Davao City, Davao Del Sur 07 07 125 39 18.0 1961-92 2.0
Dipolog, Zamboanga Del Norte 08 36 123 21 4.0 1961-92 2.0
Dumaguete City, Negros Oriental 0918