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Executive Summary

This report analyses the technical details for combinations of wind power and PV power production at
the same site in the "Wind Corridor" in Sindh region. Currently, the sites in the mentioned region are
producing power based on wind power technologies. Each site has a connection to the public grid and
this connection allows for the evacuation of an agreed and limited capacity. The target of adding PV
Power production at the same site is to use the high local solar irradiation to support wind power
production without exceeding the agreed evacuation capacity. This, on the one hand, will lead to an
increased amount of energy to be evacuated along identical installations, but will in many cases also ask
for curtailments to keep the limit.

A site in the Wind Corridor with a wind power capacity of 50 MW has been defined and a layout has
been prepared based on available measurement data for the wind conditions.

A first analyses, based on a densely with PV modules packed site, showed that even for this case only a
very small amount of energy will be lost due to shading effects from the wind turbines onto the PV

modules.

Finally seven variants for the PV plant ranging from 9.36 MWac to 65.52 MWac have been calculated to
be added into the wind power plant. The small scale PV plants caused curtailments in a low region, but
got the higher scaled layouts curtailments could reach around 35 GWh/a. It has been shown that a
considerable increase of the capacity factor of the grid connection can be reached with small curtailment

needs.

A financial analyses will be given in the follow-up report.
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1. Introduction

Pakistan has been and still is developing a number Renewable Energy projects. The country sets
one of its focus onto wind and solar power generation. Pakistan decided to implement these
technologies at areas where the specific resource (Wind or Solar) shows a high density.

This is why Pakistan defined "Wind Corridors". These are areas with a high annual average value in
wind speed and with wide and open fields to install a huge number of wind turbines. The target is to
"harvest" as much as possible power from wind while, at the same time, impacting the public as less
as possible.

One of the wind corridors is located in the Sindh region. Here, Pakistan started the operation of wind
plants more than 7 years back. Since then, plenty of wind parks have been developed, constructed
and operated, all parks in "slices" of 50 MW capacity. The "50 MW" value is the maximum power to
be evacuated into the public grid from each of the wind parks.

The mentioned boundary conditions led to an installed capacity of some GW in the area in total. The
parks are always located in small but long "stripes", hosting up to 33 wind turbines per stripe,
including an on-site substation with SCADA operational system and a camp area where the
operators can live.

Having visited the area several times, it becomes very obvious that not only the wind resource is
considerable high here, but also the solar resource. The area is facing a hot and arid climate and
rainfall are really seldom. Just to clarify: There is no doubt that there are regions with higher solar
resource values in Pakistan and the distribution of RE over the country can be an approach to reduce
the impact onto the national grid. This is why currently the mentioned region in Sindh is focussing
purely on wind power generation.

Both resources (wind and solar) are considered "variable" and "less predictable" with regard to the
generated energy in a certain (short) timeframe. Even when reviewing the operation over a longer
period (i.e. one year), it is transparent that the evacuation limit of 50 MW is reached rarely. In total,
the wind parks currently under operation reach capacity factors between 35% and 40%.

The study in hand shall evaluate opportunities to install solar PV technologies between the wind
turbines of a wind park. It is a sharp limit to use only the given maximum of the evacuation capacity
of 50 MW to avoid extensive enhancements in the grid system. The analysis shall allow
understanding of the hybrid effect caused by wind and solar plants on the same site. One important
outcome is the increased capacity factor, comparing a "wind only park" (as installed currently) with
a hybrid park of A) a wind and solar park and B) a wind and solar park plus a battery storage system.

Next to the increase of the annual capacity factor, the topic of curtailment will gain an important role.
When two parks add up maximum nominal capacities to values above the installed maximum
evacuation capacity of 50 MW, it is obvious that for a certain period of each year of operation at least
one of the park elements needs curtailment to avoid overloads in the public grid. Curtailment leads
to "wasted" energies as the technical and the meteorological conditions would allow for a higher
production with technologies being installed and invested into. This "lifts" the analysis of curtailed
energy to the importance given in this report.



Finally, this report shall support the government of Pakistan to adapt the current approach of
requesting for "one wind park with an evacuation capacity of maximum 50MW" to an RfP text opening
the request to a combined wind and solar power plant.

The report will start with an introduction and an analysis of the proposed site (Chapter 2). An review
of the resources for wind and, consequently, solar will follow in Chapter 3, including detailed reporting
on the data source, its content and the needful measures taken in this field of expertise. Chapter 4
addresses the layout works and results for the different technologies, explaining micro siting for wind
turbines, solar PV layout and considered exclusion areas plus resulting shadings from wind turbines
onto parts of the PV park. This chapter 4 starts addressing boundary conditions resulting from the
combined analysis of wind and solar power generation (hybrid power generation) in one field. Results
of the expected yields for the different cases are presented in Chapter 5, whereas Chapter 6
addresses the conclusions taken from the analysis.



2. Site Description

The project site (Latitude +24.95°; Longitude +67.84°) is located to the east of Karachi, the largest
city in Pakistan and the capital of the Pakistani province of Sindh (Figure 1 and Figure 2). Located
in the southeastern parts of the country, the area around the project location is known for its wind
parks.
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Figure 1: Location of Project Site in the Country

#
-

]
/

-
- Jhampir

alls

\ 4

Saduro

Jungshahi
)

(N5 ]
G‘ﬂﬂgh Map data ©2021

Figure 2: Closer view of the PV plant in the region of Sindh



2.1 Plot Area

For this study a theoretical area in the Sindh region has been defined by the Alternative Energy
Development Board (AEDB) from Pakistan. The wind park on this location is under construction and
most likely this plot will not be selected for a hybrid approach. This plot represents the current
situation with regard to conditions met on site.

The area, where this study considers installation of a hybrid plant, consist of one available contiguous
area, with a total surface of approx. 128 ha (Figure 3). The shape of the available space is a narrow,
elongated rectangle with dimensions of about 145 m x 8,740 m. Coordinates of the corners are: NW:
24.984820°, 67.812362°; NE: 24.985722°, 67.813443°;, SW: 24.921775°, 67.864429°; SE
24.922527°, 67.865616°.

The site in general can be characterized as flat terrain with low roughness due to scattered bushes
and scarce vegetation in the region. Elevation of the site is low towards southeast whereas it
gradually increases towards the northwest direction. The elevation of the site is within a range of
approximately 50 — 80 m a.s.l.

Areas with significant vegetation are considered to be protected with regard to earth works, tree and
bush cutting and gradation. When reviewing the site an initial approach is the definition of these
exclusion areas. The areas can be spotted in public available map systems like Google Earth and
the like. They are covered with bushes and small trees, mainly located in grabens where water is
collected when (few) rain falls in this area. In Figure 4 the Consultant exemplary shows this approach.
"Exemplary" means, that there are further area to be defined in this way and that the picture only
shows the general approach.
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Figure 3: Plot Area of the proposed Site

Figure 4: Example for an exclusion area

L

Site area corner coordinates

Description

Latitude

24.985722°
24.984821°
24.922527°
24 .921778°

Longitude

67.813443°
67.812361°
67.865616°
67.864430°
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3. Resource Data

The aim of the wind/solar resource analysis is to provide a reliable input of the resource the
respective plant would receive throughout a year. In the following, the specific and different
procedures for the wind and solar are explained and their results are given in the respective sections.

While wind data is basing on results of a specific measurement campaign, solar data is received in
a more general approach along a PV power simulation tool. The reason for this essentially differing
approaches is that wind resources are considered very local and significant changes might occur in
short distances. This is why a properly executed measurement campaign is of utmost importance
for understanding of the wind resource at a specific small area while solar resources are understood
to be more general. For a solar resource, measurements can rely on many years of irradiation data
and averages show sufficient quality of forecasted data for most regions of the world.

3.1 Wind
3.1.1 Local wind measurement data

The wind measurement data have been provided to the Consultant by AEDB. The measurement
data have been collected at a met mast located within the plot area. The measurement period
extends from 02.04.2016 to 25.12.2019, equivalent to 44.8 months in total. According to the
measurement protocol, the top measuring height of the met mast is 120 m and it is equipped with
eight anemometers, three wind vanes and three analog input channels dedicated to the
measurement of temperature, pressure and humidity (Table 1).

Table 1: Measurement System

Measurement System

Location Artistic Wind Power

Coordinate System WGS84

Latitude 24.967335

Longitude 67.89265

Logger SymphoniePRO Logger (8206)

Channel Height [m] Type Description
1 120 Anemometer RNRG Class 1
2 120 Anemometer RNRG Class 1
3 100 Anemometer RNRG Class 1
4 100 Anemometer RNRG Class 1
5 80 Anemometer RNRG Class
6 80 Anemometer RNRG Class
7 60 Anemometer RNRG Class 1
8 30 Anemometer RNRG Class 1
13 118.5 Vane RNRG 200P Vane
14 78.5 Vane RNRG 200P Vane
15 28.5 Vane RNRG 200P Vane
16 5 Analog RNRG 110S Temp
17 5 Analog RNRG BP20 Baro
18 5 Analog RNRG RH5X Humi
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3.1.2 Data analyse and validation

During the quality check of the raw data, the Consultant detected several data gaps as well as
implausible data records of wind speed and wind direction. The error frequency differs significantly
between the channels and instruments. Such detection is common in data analyse and validation of
wind measuring campaigns.

The data quality check of wind data included:

- Check and verification of data integrity,

- Check for error values and anomalies,

- Check for completeness,

- Value range test,

- Rejection of periods where anemometers did not send signal (defect sensors),

- Rejection of periods where wind vanes sent continuously the same signal (defect sensors)

- Rejection of measurements (velocity, direction) which deviate a significantly from the
general trend of concurrent measurement (other sensors with good correlation coefficient)

Table 2 shows the data recovery rate for the whole period for wind speed and direction.

Table 2: Data recovery rate of the wind data before and after quality check

Channel Height [m] Type Available Valid
1 120 Anemometer 97.2% 34.7%
2 120 Anemometer 97.2% 51.0%
3 100 Anemometer 97.2% 63.7%
4 100 Anemometer 97.2% 89.0%
5 80 Anemometer 97.2% 80.8%
6 80 Anemometer 97.2% 87.9%
7 60 Anemometer 97.2% 84.8%
8 30 Anemometer 97.2% 76.5%
13 118.5 Vane 97.2% 88.2%
14 78.5 Vane 97.2% 70.1%
15 28.5 Vane 97.2% 94.0%

Implausible data was disabled. For that reason valid data after quality check differs from the original
availability of data of 97.2%. With 89% valid data, Channel 4 (anemometer mounted at 100 m and
oriented towards NW) has the highest data availability, while the anemometers in Channel 1 &
Channel 2 have the lowest (34.7% and 51.0%). The low recovery rate for almost all anemometer
and wind vane channels rendered necessary reconstruction of data applying MCP methodology.
The MCP process was carried out with the dedicated WindPRO tool “Meteo analyser”. This tool
works with multiple meteorological time series in parallel and allows disable/enable and substitute/fill
data, among other tasks, through a visual interface. The MCP processed was carried out until
sufficient data was reconstructed to obtain a wind measurement period of 12 consecutive months
with acceptable data recovery rate (availability of valid data). Table 3 below shows the improvement
in the recovery rate of the whole period of wind speed and direction channels after conclusion of the
MCP process.
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Table 3: Data recovery rate of the wind data after data generation (MCP)

Channel Height [m] Type Valid after MCP
1 120 Anemometer 89.0%
2 120 Anemometer 89.2%
3 100 Anemometer 89.0%
4 100 Anemometer 89.0%
5 80 Anemometer 96.6%
6 80 Anemometer 97.2%
7 60 Anemometer 96.6%
8 30 Anemometer 93.4%

13 118.5 Vane 88.2%
14 78.5 Vane 70.1%
15 28.5 Vane 94.0%

3.1.3 Correction of the wind direction data

Figure 5 show of the wind direction frequency distribution and the wind energy rose at 100 m a.g.l.
of the wind measurement period from 2™ of April 2016 to 25" of December 2019.

The collected data at the plot area (blue) and the long-term reference data ERA5 (red) show different
wind direction frequency distribution and energy rose. This difference was also observed in
comparison with all other long-term reference data assessed in this study. Consultant's experience
in the region also coincides with this finding.

Wind Direction Frequency [%] Wind Energy Distribution [%)

B ERAS - Reanalysis data B LocalWind data

Figure 5: Wind data - Comparison Local and Reanalysis data
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With an adjustment of 47.5 degrees (clockwise offset) local wind direction data was corrected and
the correlation with long-term data improved.

Figure 6 shows the wind direction frequency distribution and wind energy rose after correction.

Wind Direction Frequency [%] Wind Energy Distribution [36]
10, i 1
W o R k)
6 e | . f2e

¥ L5

Bl ERAS - Reanalysis data Bl Local VWind data

Figure 6: Wind data — Comparison Local and Reanalysis data after wind direction adaption

15



3.1.4

Wind shear

The variation of the wind speed with the height above ground is the vertical wind speed profile or
wind shear. The vertical wind speed profile is calculated fitting a power law function between at least
two anemometers with a vertical height distance of 20 m according to DIN EN ISO/IEC. The met

mast was equipped with anemometers at five different heights between 30 m and 120 m.

The resulting power law wind shear from only valid data for the whole measuring period is estimated
to a = 0.135, which represents a common value for flat terrain with low roughness landscapes

surrounding met masts. Figure 7 displays the profile of extrapolated values for the wind speed.
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3.1.5 Long-term correlation and adjustment

The average annual wind speed fluctuates around a long-term average value, typically between 2%
and 8% at most wind farms. In order to obtain a reliable estimate of the wind conditions in the long-
term, it is necessary to compare the available short-term data (from met mast at site/ local data) with
a long-term reference data set. In order to do such comparison and correlation, reliable and
consistent long-term reference data sets (or a suitable index) are required. The aim is to decrease
short-term wind fluctuations and to derive long-term representative wind statistics.

For the wind/ solar hybrid project, several sources have been identified such as ERA5 and EMD-
WREF reanalysis data. The ERA5 grid point (N25.00; E67.75), clearly showed the best correlation
with the validated, reconstructed and direction corrected local wind data and was, therefore, used
for the present long-term analysis.

ERADS reanalysis dataset is calculated out of satellite measurements and have an hourly resolution.
The data cover the whole globe with a grid resolution of 0.25° in latitude and 0.25° in longitudinal
direction.

Table 4 shows the checked, processed long-term adjusted wind data for 100 m wind speed and
direction time series. The Consultant presents in this chapter the long-term representative Weibull
parameters corresponding to 100 m height because that height corresponds to the anemometer
connected to Channel 4 with the best original data availability at height close to the intended hub
height of wind turbines for the project.

Table 4: Processes long-term data for 100 m above ground

Sector A parameter k parameter Frequency Mean wind speed
Mean 8.77 2.6505 100 7.795
N (345°-15°) 7.071 2.7434 9.417 6.292
NNE (15°-45°) 4.987 2.6153 1.993 4.43
ENE (45°-75°) 4.321 2.5441 1.293 3.836
E (75°-105°) 3.599 2.0007 0.712 3.189
ESE (105°-135°) 3.514 2.3732 0.625 3.115
SSE (135°-165°) 4.8 2.2775 1.946 4.252
S (165°-195°) 8.951 3.7619 13.503 8.085
SSW (195°-225°) 10.378 3.4004 42.341 9.324
WSW (225°-255°) 7.222 3.078 10.226 6.457
W (255°-285°) 5.899 2.0347 3.911 5.226
WNW (285°-315°) 5.044 2.0607 1.999 4.468
NNW (315°-345°) 8.756 3.346 12.033 7.86
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Description of the flow model

Digital Elevation model

A digital elevation model (DEM) has been created based on Shuttle Radar Topography Mission
(SRTM 1 arc-second) and it covers more than 6 km radius from all corners of the plot area. The DEM
actually covers a square of approx. 22 km side. In Figure 8, the planned wind farm area is marked
as black strip. The elevation of the project site (plot area) ranges between 50 m and 80 m a.s.l.

Figure 8: DEM and plot
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