OF NAMIBIA

S1J | SOLAR-INSTITUT JULICH

o)l FH AACHEN ) =
GeSto \ AY UNIVERSITY OF APPL IED SCIENCES N’ CSP Serv'ces
“@m®  ENERGY SOLUTIONS S) C 8 g ‘ - v entrating Solar Power Service

Pre-Feasibility Study for the Establishment of a .
PreCommercial Concentrated Solar Power Plant in Namibia

Presentation of the First Dratft
for final version

June2012



r - ‘h‘\
- ~
’ ,‘ \‘I'\
, A
! o
' Jr
;
,
/.
o.,-/

siJ LAR-INSTITUT JULICH
CONSULTING FHAlAgl'?EN
SERVICES UNIVERSITY OF APPLIED SCIENCES CSP SQrvlces
AFRICA - - v Concentrating Solar Power Services

POLYTECHNIC

Ministry of Mines and Energy
OF NAMIBIA

Gesto

ENERGY SOLUTIONS




YANDf
POLYTECHNIC

OF NAMIBIA

S1J | SOLAR-INSTITUT JULICH

\ ( A\ FH AACHEN
. 4 - UNIVERSITY OF APPLIED SCIENCES
” A y 4 /
p— ENERGY SOLUTIONS ) - .

GROUND MEASUREMENTS
CSP DEVELOPMENT AND IMPLICATIONS FOR NAMIBIA



s

POLYTECHNIC Ministry of Mines and Energy
OF NAMIBIA

: \ o g)'iJA' ggxa-msnru*r JULICH \
— GeSt : Itlng L)A} s umv‘e\nsnv OF APPLIED SCIENCES N’ CSP Serv'ces
@  ENERGY SOLUTIONS : UM arm - - v entrating Solar Power Service

NAMIBIA SOLAR RESOURCE AND DNI ANALYSIS
ENVIRONMENTAL ANALYSIS AND SITE SELECTION
TOP 5 SITES SELECTION AND FINANCIAL ANALYSIS
GROUND MEASUREMENTS

CSP DEVELOPMENT AND IMPLICATIONS FOR NAMIBIA



INTRODUCTION AND TECHNOLOGY OUTLINE (I/11I)

AConcentratingolar power (CSP) collects heat through the use of optical elements that colle
the irradiance over a large area and focus it onto a smaller image area. This concentrated
power can then be used by various systems to produce electricity via Solar Thermal syster
referred to generically as CSP.

Aln general, CSP technologies aim to use optical systems to concentrate direct beam solar
irradiance (or Direct Normal lrradiance), collect its energy as heat in appropriate fluids and
thermodynamic cycles to produce work and so be able to generate electricity.

ACSRechnologies are eminently compatible with traditional steam turbine based power plan
and their design. Most of the CSP plants are essentially a conventional thermal power plar
with a solar field providing the heat input instead of a fossil fuel heat source.

AThe first fully commercial CSP plants, the parabolic trough solar energy generating stations
SEGSIK built after SEGS |, from 1981 through 1990. These latter constitute 354MW of nat
gas backed solar plant that have been in continuous operation since their construction thro
the mideighties. The plants have incorporated successive improvements to the trough
technology and have long been considered the benchmark for parabolic trough performanc
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INTRODUCTION AND TECHNOLOGY OUIILINE

ASolarfield

AHeattransfer fluid
system and heat
exchangers

AOptionalbackup
parallel boiler or
storage system

ASteamcycle feeding
Into the turbine

APowerblock and
ancillary wet/dry
condenser,
deaerator
feedwaterand
pumps

A typical CSP solar plant AGridconnection

oo [ Sonic o |
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INTRODUCTION AND TECHNOLOGY OUINLINE

Line Concentratars Points Concentratars

[ To-121-%"10

tatiector

Frmane

Meflactor

A Linearfocussystems
(Parabolic troughs and
linear Fresnel reflector
systems)

A Pointfocus systems (towers

A Easyand cost effective
implementation of thermal
storage

A Easycombination with
combustion fuels
(hybridization)

A Slowresponse to shorterm
fluctuations of solar
irradiation due to thermal
inertia of the system

A Usabilityfor other purposes
than electricity generation
(e.g. solar cooling, process
heat, seawater desalination)
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PARABOLIC TROUGHS (I/1lI)

AThe operating principle of a
parabolictrough power plant :

A Parabolicmirrors track the sun
about one axis, usually north-
south, and focus its rays, with
typical concentration factors of
70-80, onto linear, specially
coated,heat collectingelements
(HCE

AHCEare coated steel pipeswith
a surrounding evacuated glass
tube that minimizesheatlosses

A Heat transfer fluid (HTH is
circulated through the HCEsto
carry the heat from the solar
field to the powerblock

A Superheatedsteam is used to
run the turbine.

A The plant includesconventional
sub-systemsc the power block
steam turbine and generator,
wet

NA2012A.0020

s
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3

coolingtowers or dry air cooled condensersfeedwater pumpsand

deaeratorfor the steamcycleanda steamdrum.

A Optionalstorageand/or auxiliarygasburnerscanbe usedto cover
transientweather conditionsand for production during night time
or to protectthe HTFagainstfreezing

PreFeasibility Study for the Establishment of a-B@mmercial Concentrated Solar Power Plant in Namibi



PARABOLIC TROUGHS (ll/11I)

Sotar fieid . o 1
Solar Steam turbine
l Il l I Hot salt tank ‘ Superheater I/ s
1] — 1
11T ' B <L
L L L — ' ASchematic
]. l l l Condenser .
| Ll diagram of a
'1 ¢ g G . typical parabolic
storage Duoerntor

T I L S ; trough solar

| power plant
l 1 ‘r l LOW Dresssurnm

prohaater
& [l ! TR APossiblesizes for
L[] Cold saf tan the different
| I A A N o — components
Solar Field Storage Heat Transfer Power Block
280000 ~ 2-9 hours & Gas Boiler steam cycle, turbine, condenser

1'500'000 m? capacity (optional) 30-250 MW
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PARABOLIC TROUGHS (l1I/111)

Some projects that can be considered as milestones in the development and commercial
adoption of this technology are:

SEGS%IX, California, USA (completed 198990), 354MW

ATheSEGS (Solar Electricity Generating System) plants in California were the first
commercial CSP plants in the world. The largest plants have a capacity of 80 MW. They ar
still operative today, demonstrating the reliability and durability of this technology.

NevadaSolar One, Nevada, USA (completed 2007)MVBA/
AThisplant was the first parabolic trough plant to be built almost two decades after the
SEGS systems. It comprises a 0.5 hour storage.

Andasoll, Andalusia, Spain (completed 2008), BIW
AAndasoll was the first commercial CSP plant in Europe and the first one with a large
storage for 8 hours of full load operation without sun.

ISCQMorocco, Ain Beni Mathar, Morocco (completed 2011), 470 MW (20 &olar)
AThisproject can be considered the first large scale hybrid power plant, where waste heat
from a gas fired turbine is combined with heat from a solar field to drive a steam turbine.
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LINEAR FRESNEL REFLECTORS (I/Il)

ACanreach solar
concentrations of 3@ 100
suns

AOpenthe possibility of using
simple, nonindustry specific,
commodity materials as
optical and construction
elements in CSP plants.

AUseflat rather than curved
mirrors, low profile
construction, leading to rapid
on-site assembly.

ARotatingreflectors

ANon-evacuatedstandard steel
tubes and are protected by
plain glass sheets.

ASolutionsexist with
evacuated tubes as well

NA2012A.0020

ACollectorframe structures are fixed in place, dispensing with
high temperature moving joints and implemented direct steal
generation (DSG i.e. water as HTF) in the receivers

ACostof Fresnel solar fields is cheaper than that of parabolic
troughs.
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LINEAR FRESNEL REFLECTORS (ll/II)

Commercial LFR have a number of recognised advantages

ACompacfootprint, lowest at ~1.3ha /MW at 3%at., less closer to the equator.

ASloperequirements, they can accommodate up to°sfope.

AMediumto high operating parameters achievable, temp range’Z7® 500C and pressures
50 bar to 165 bar suitable for large steam turbines.

ADemonstratedchybridisation with gas

ALowcost, widely available construction materials, potential for high local content

ASimplefield assembly

AModularity, from ~10MW to 250MW

AApplicationsspan industrial steam, fuel saver/Booster and standalone power plant

AFinanciallystrong companies are backing the technology égeva ABBJFE

Main disadvantages of this technology

ALowerefficiency, latitude dependence can decrease instantaneous output by 2% to 8% for
latitudes 10 to 40°.

ANo demonstrated long term storage

AFewimplemented projects

ALackof industry acceptance of the technology and project bankability
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POWER TOWERS (I/II)

APowertower (or central
receiver) technology, the
collecting optics are called
heliostats

Alndividual2-axis sun
tracking heliostats
concentrate direct beam
sunlight onto an absorber,
called receiver, which is
fixed atop a tower.

APossiblgo have thermal
energy storage system
and/or a fossil fuel firing
system to enable round
the-clock operation of the
plant if required.

APossibilityof very high
solar concentration ratios
of up to 1000 suns

A Allowing for very high HTF operating temperatures (565 to
1000°C), depending on which technology is used

A Enormous potential for achieving the highest Carnot efficiencie
among the CSP thermal power plants
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POWER TOWERS (I1/11)

Requirements

AAtmospheric conditions (e.g. amount of particles in air) must be suitable as the
Intensity of scattering of radiation by particles has to be reasonably low. This aspec
especially meaningful in comparison to other CSP technologies, because the irrad
collected by the heliostats is transferred over distances of up to above 1km througt!
the air layer close to the ground which can be containing a lot of dust and other
particles, thus severely reducing the amount of energy arriving at the receiver.

AThesite should ideally be flat but this is not a prerequisite i.e. a slight slope could b
tolerated. Until now, all but one power tower plant, the research tower THEMIS in
France, were erected on relatively flat ground.

Alf a form of wet or hybrid cooling technology is to be used then the plant would hav
to be located near a water source such as a river or a lake which carries or holds
sufficient amounts of water throughout the year. A high efficiency turbine requires |
water.

ASociakind environmental concerns/impacts should be properly assessed
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DISH STIRLING (I/11)

ADish Stirlingtechnologyhas been developedas
relatively smallpower generationsystemswhen
comparedwith other CSRechnologies

APowerratings are between 3 to 25 KW though
recentlylargersystemsare beingattempted

AThe systemis a stand-alone, which tracks the
sun in two axes and concentratesthe direct
solar irradiation onto a receiver - at the focal
point of the paraboloidreflector or dish- where
an engine using a Stirling cycle converts heat
Into mechanicaknergythrougha pistonengine,
which in turn is transformedinto electricity by
an electricalgeneratordirectly connectedto the
S y 3 Acyaskshaft

AHighest peak conversion efficiencies of above
30%solarto electricityandadaily averageof up
to 25 % however,thisrecordisdueto their high
concentration ratios up to 300k and high
working temperaturesof above 75(°C plus the
environmentalconditions

NA2012A.0020

A Requiresarelativelyd O 2Zat ARRvBiéh is
the casein somedesertswith clearskies
(DNIcanbe quite highandstill dueto the
bright skiesthe temperatureis not high)

PreFeasibility Study for the Establishment of a-B@mmercial Concentrated Solar Power Plant in Namibi



DISH STIRLING (lI/11)

Key issues for project location artiksign:

Ratiosof land usage

A3.5to 4.1 ha of land per MW.

Slopeand other requirements for suitable land

A Slopes of up to 4%, if they are mounted on a single pole that stands up several meters above the grc
then there is no need for such a flat ground as in the case of systems that use a circular tracking ring
enable azimuth tracking.

Water usage

ANo water requirement for cooling th8tirlingengine, the only water use for dish engine facilities is for
washing of mirrors

Effluents

ANo effluents

A Leakage of working fluids is possible, such as spilling small amounts of engine oil or coolant or gearl
grease.

Designconstraints

A Layoutof solar field of i.e. distances between dishes is critical as it influences the power output of the
system and land area requirement; while close packing of dishes, can reduce land requirement, elec
cabling losses and cost, the dishes can cast shadow on each other and solar system performance is
reduced.
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STORAGE (I/11)

ASolarDNI is intermittent and has daily and seasonal cycles, so solar heat collection from a
CSP field is necessarily variable and sometimes reaches higher levels than the design
maximum of the associated powblock.

Aln a plant without storage, this excess heat, often present around midday and in summer
periods, cannot be used and is either rejected or clipped before collection (e.g. via mirror
defocusing).

Alf storage is present, this excess heat can be stored and then used effectively to
supplement the DNI when the latter is either not sufficient to drive the power block alone
or is nonexistent.

AMost CSP plants can store heat for short periods due to the bulk of materials used in the
O2yaiNHzOUA2Y 2F OUKSANI NBEOSAOUSNB FFyR FASE
temporal variations in irradiance, e.g. those due to small cloud passage. This is not
considered storage, but system inertia.
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STORAGE (I1/111)

Alf the solar field size can
provide more than the heat
needed to drive the power
block at maximum rating
(solar multiple greater than
1), by selecting an operating
point for the power block at
100% of its rating, or say
60% of its rating, electricity
production can be
maintained for a number of
hours beyond sunset or
through into the evening.

ASolarmultiples for CSP
plants with storage are

EXAMPLE OPERATION OF A CS5P PLANT WITH STORAGE

TO 5TORAGE

FROM
STORAGE

AThisallows extended operation and eventually, 24/7
operation of the power plantCSP plant may be
operated as peaking plant or as base load power plan

typically greater than 2.
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STORAGE (l1I/11)

Molten salts

60% sodium nitrate, 40% potassium nitrate
Indirect two tank molten salt storage system,
direct two tank storage system. In the latter,
the molten salt acts as both heat transfer fluig
and storage medium, while in the former
molten salts are only used as storage medium.
Singletank molten salt system is being
developed, using thermocline or sharp vertica
temperature transition from cold to hot.

—_—

Pipes in solid media + PCM

Comprise three sulsystems operating at low,
medium and high temperatures respectively. Botl
low and high temperature ranges are provided by
for example, pipesn-concrete subsystems relying
on sensible heat of the cast concreléne medium

temperature subsystem uses latent heat storage
a PCM which has a phase change temperature ¢
to that of the steam input to the turbine.

Storage

—

n
lose

NA2012A.0020

Ceramic with air as heat
transfer fluid

It combines the use of a gas as the heat transfer
fluid and a ceramic material for heat storage gt
these temperatures. The hot gas, specifically fir,
is blown through an insulated bed of ceramic
materials (silicate sand @uminosilicate
ceramic bricks have been used)

Sand

Sand is used as heat transfer and storage fluid. In
this case, the sand is directly irradiated by the saqlar
beam as a falling particle curtain inside the
receiver, and stored for later use. This is under
research.
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HYBRIDIZATION AND AUGMENTATION

AOneof the biggest challenges of concentrating solar power (CSP) is the intermittency
associated with clouds during the day which can lead to transients.

Alt can be mitigated by storage, hybrid system or also called-bpck

AAIICSP technologies have the option of hybridization, because heat is what generates
electricity in: parabolic trough plants, power towers, Linear Fresnel Reflector and dish
Stirlingsystems.

ATheease of hybridization for troughs, tower plants and Linear Fresnel Reflector stems
from the fact that the boiler is an entirely separate component, while for 8isting
systems the hybridization needs to be an integral part of the design, and that has proven
to be more difficult to design and implement.

AHybridizationcan come with natural gas, biomass and coal, while in the latter case it is
usually called augmentation
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HYBRIDIZATION WITH NATURAL GAS (I/II)

AThecurrent CSP power plants
In Spain have an auxiliary
backup natural gas boiler to
mitigate the number of
shutdowns of the turbine as
well as the intermittency
associated with the solar
radiation and consequently the
steam generation.

AThe use of small amounts of
gas Backup may be justified by
the investment in the Balance
of Plant infrastructure namely Heat transfer fluid Steam Cooling tower
the turbine

AThebackup via natural gas
boiler has a relatively low
Investment cost and is mature,
low risk technology.

The concept of backup is simply explained in the following diagram
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HYBRIDIZATION WITH NATURAL GAS (ll/1I)

AThe integration of CSP
technology with a combined
cycle power plant is referred
to as integrated solar

combined cycle systems
(ISCCS)

A Examples of its application
exist in the world, namely in
Morocco, Algeria and Egypt

A The gas turbine generates
electricity and at the same
time heat which is coupled
with the heat from the CSP
solar field to generate power
through a steam based
turbine.

NA2012A.0020

Reheater and all feedwater
heaters not shown

irfNater
: Preheater
080 @ { I
= X
Main HTF
Pumps Deaerator

A The idea is to increase or augment the output of the
power plant

AThe concept has run into some problerard is being
guestioned as a viable option. In any case the idea is how
associated to augmentation and not to hybridization.
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HYBRIDIZATION WITH BIOMASS

AMature STEAM TURBINE
technology zd
SOLAR - T - — () ceneRarcR
ACostof 2 J . '
hybridization LA — || swwers
IS lowcg TTT B.fﬁ?'—f“{ﬁm " | || CONDENSER__
boiler and | L L . e
burner Ll ~ o A
TITl [ i
ACSFgenera”y m ' /COND[NSE? (20()|ﬁ\\?/'\‘imm
require a ) DEAERATOR ars
Considera_ble W o ! Q) | fag_mﬂﬁﬁ )ﬂ_
power rating e rpuz‘”i\:rm
to be
economically
viable, so The combination of these two technologies benefits from increased overall
boiler is in the efficiency of the power plant, reduced number of shutdowns of the turbine
MW range and reduced investment per unit of power generated compared to CSP witl

molten salts heat storage, for example
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COAL AUGMENTATION (1/11)

ACSRystems are highly flexible for integration with conventional power plant design and
operation and for blending the thermal output with fossil fuel, biomass el
geothermal resources. Basically all technologies that use heat can be coupled or
augmented by solar thermal.

AOneof the ways is to reduce fossil fuel usage and/or boost the power output of the steam
turbine. To reduce the fuel usage the steam generated by the CSP power plant is injected
a low pressure (LP) point or even high pressure (HP) of the steam cycle or in the
economizetr.

ASuccessfutases have been more successful at the latter and also using LP feed heaters.

ATheheat supplied by the CSP power plant will theoretically avoid the usage of the
conventional fuel for the same operation.

NA2012A.0020 Pre-Feasibility Study for the Establishment of a-B@mmercial Concentrated Solar Power Plant in Namibi



COAL AUGMENTATION (11/1)

ACSP solar field is much
cheaperthan a CSPpower
plant and in a conventional
power plant the whole
power plantisavailable

ACSP solar field generates
steam for a conventional
power plant will vyield
Interesting paybacksas it
has been shown by Hu,
David  Mills, Graham
Morrison and Peter Le
Lievre in the paper Solar

power boosting of fossil _ _
fuelled power plants ALiddelCSP solar field to augment a coal power plant as one

(publishedin ISESback in the first projects of this nature in the world.
24" May 2003).
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DESALINATION (I/11I)

RenewableEnergiexanbe usedfor desalinationbasedon two ways heat or power. Usuallythe
electricityroute is usedwith membranesandthe heatis usedfor evaporation

Threetechnologiestandout asbeingthe most mature:
A ReverseosmosigRO)
A Multi-effect distillation (MED)
A Multi-stageFlashing MSF)

Theheat usedfor the mentionedprocessesabovehavecomefrom fossilfuelsand usuallysuch
projects are incorporated with thermal power plants to use the waste heat, but some CSP
systemshavealsobeendevelopedto provide a way to usesolarenergyfor desalinationaswell
aswith biomassasthe heat source Onthe ROroute the electricity may comefrom PVmodules,
wind turbinesor anyother cleansourceof electricity,includingthe CSHRor power generation

Reverseosmosis(RO)uses electricity to pump water againsta membrane while the other
technologiesuse heat to evaporateand condensewater. New processe®f ROwith nanotubes
and biomimeticsare in developmentand on the heat side improved conceptsare also being
researched
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DESALINATION (11/111)

Multi -stage Flashing (MSF)

{SNASa 2F adlF3Sa Ay H6KAOK GFfl aKé
evaporation takes place from the

flow of salt water or brine that
occurs in the lower part of the -
evaporator

Heat E x:changer tube bunde for
each individual Sage

Long Tube
Distiller

Redrculated
Brine flowin

Flashing Brinc floww out

Thevapour released in flashing is
filtered to remove brine droplets
and condenses to yield water on e
heat transfer tubes at the top of  Cross Tube Raifas
the evaporator Distiller

Flazhing Brine
o out

Theseawater or brine flowing
through the tubes is heated by the
transfer of latent heat from the
condensing vapour, giving a
temperature rise equal to the
GSYLISNI GdzZNBE RNRLI AY aFflFaKAy3IE
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DESALINATION (I11/111)

Multi -effect distillation (MED)

Vapourformed in each effect ol o
flows to the condensing side , | ;*" oo j ~
of the heat transfer surface in NS If LE -
the next (lower temperature) | | ] L_?L PR —
o E l=3= o __;-_J = g
A B
& . -7 ) D
Thelatent heat of e [T S [
. . HEAT {Tharmaclina} S
condensation is transferred s - o s
through the tube wall to = 1 | G |
evaporate part of the CH — i
saltwater or brine flowing - 0 O
across the surface. Seauares
1 . AkE | DISTILLETE
Evaporations from a T o BT

seawater film in contact with

Schematic diagram of the solar MED system installed at PS#£
the heat transfer surface
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SOLAR IRRADIATION AND AEROSOLS (I/11)

A Concentratingsolar power (CSP) plants must focus sunbeams on a collector to generate high tempera@misdirect
radiation from the sun can be concentrated this wayhis makes CSP plants more sensitive to atmospheric conditions

than if they could also use diffuse radiation, as with-figte collectors (PV or thermal

A Diffuseradiation normally varies in the opposite direction of direct radiation. Therefdirect normal irradiance (DNI) is
much more sensitive to clouds or aerosols in the atmosphere than global irradiances KA OK A a (KS @1

mounting collectors.

A Anarea with a good solar resource in global horizontal irradiance (GHI) is not necessarily suitable for CSP projects

‘DIRECT NORMAL" IRRADIANCE

‘HORIZONTAL" IRRADIANCE ) *GLOBAL TILT" IRRADIANCE ) Al
<. -DIRECT P&, ‘DIRECT’ P~y 'DIRECT"  "@" A4
, fomsun £ O, fomsun . R, from sun £
\ VWVl - = 1Y - i N —
4"”"”%\"-. 4) \\..w\ .\"‘__ ,-"‘. 5 \t,\{f--‘ ‘-\ X @ &
v'/ :‘ - 'D!FFUSE. \‘A.‘ \“ I..".- "“/ \ : 'DlFFUSE" \ ‘."'._l ,\_-\\.\
4 b from sky . A £y from sky \ \
FIXED HORIZONTAL
- ] FIXED TILTED ~ TRACKING
COLLECTING SURFACE COLLECTING SURFACE COLLECTING SURFACE
Direct normal irradiance (DNI¥ the fraction of Globalhorizontal irradiance (GHlis the Diffusehorizontal irradiance (DHlis the
the downward flux directly emanating from the sum of the projected DNI on a horizontal downward flux emanating from the sky vault,
sun disk that is incident on a plane normal (i.e., surface and of diffuse horizontal excluding the sun
perpendicular) to the sunbeams, and that has irradiance

not undergone any extinctiomn the atmosphere
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SOLAR IRRADIATION AND AEROSOLS (li/11)

A Aerosols are composed of various particles in a large range of
sizes. They include sea salt in suspension, sand dust, and manv 2
other particles generated by vegetation (e.g., pollen), volca T N e iy
activity, anthropogenic emissions (pollution), smoke, etc. Contoeealing Av

4 wp Qutgoing thermal IR radiation

.. . T . T Top-of-Atmosph:'e
AUnder lowaerosol conditions, horizontal visibility is excellen e | fooodloo o
(more than 50 km) and the sky color is dark blue. On days o ° c° "o & 6 %0 %°6°0°
much higher aerosol loads, the sky becomes hazy (whitish
visibility decreases significantly. Cooling Earth’s surface %
— Earth Surface

A Aerosols move much slower than clouds, so that both very
clear and very hazy conditions may last hours, if not many days.

A Proper quantification of the solar resource in the absence of local irradiance measurements requires
precise information on clouds, aerosols and humidity at any instant. Models do exist to turn this
information into estimates of DNI, and sudiativemodels are widely used in solar resource assessmer

AThe limitations in the accuracy of the DNI estimates offered by data providers is the inherent uncertain

the underlying data cloudiness and aerosols most importantly. Improved information on the quality,
guantity and variability of aerosols is among the essential goals in current solar resource research
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AEROSOL OPTICAL DEPTH (AGBPDUND OBSERVATIONS (I/11)

TheAOD at multiple
wavelengths can be
derived from spectral
irradiance

measurements
obtained with grouné

basedsun photometers.

Networks AERONET
(NASA), GAW (WMO),
SKYNET

NA2012A.0020

AOD measurement stations in Southern AfriGgAERONET network

Kaoma
Mongu Zambia

Senanga

Sesheke

Zimbabwe
Maun Tower., '

Botswana‘

Pietersburg

Loskop Dam Skukuza, ,kuza AE
. J Pretoria_CSIR-DPSS
“Wits_University joberg Likach

Elandsfontein Swaziland

Bethlehem




AEROSOL OPTICAL DEPTH (AGBPDUND OBSERVATIONS (11/11)

A Although hundreds of AERONET sites in the world have reported data so far, most of
them have been short lived, typically recording data during a few weeks for a specific
scientific field campaign. In southern Africa, one such field campaign was the Southe
African Regional Science Initiative (SAFARI 2000).

A In Namibia, only three AERONET stations exist or have exitestiaPan has provided
data from 8/2000 to 6/2001HentiesBay has only recently (11/2011) started operations
Swakopmundhas provided data only during 9/2000. A fourth AERONET st&esheke
Zambia (located less than 1 km frafatimaMulilo) collected only 4 months of usable
data in 1997.

A The only stations that have accumulated a significant amount of datklangu, Zambia
(19952010);SkukuzaSouth Africa (199@2011); and Wits University, South Africa
(2002;2009)

A The SAFARI 2000 network was implemented during the fire season, so smoke condi
are heavily overepresented in the groundruth data. Consequently, no particular
station is representative of what could be considered a good site for CSP applications
which is a serious limitation.
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AEROSOL OPTICAL DEPTH (ABRPACEBORN OBSERVATIONS (I/1V)

Few satellites currently carryirgpectoradiometerspecially developed to observe AOD in a few spectral
bands. The best known of these instruments are MODIS and MISR, which fly on the same polar orbiter

(d) Active wildfires (b) Dust clouds on

(red dots) on WO o ‘f,_xfi“’ June 9, 2004
Ty (-~ looking down);
Sep. 7, 2005. R e (looking down);
Source: | e Source:
MODIS/NASA. . . MODIS/NASA.

o

v
“1og

o

(a) Dust clouds on June 17, 2010
(c) White dust clouds on June 9, 2004
(looking south from the Kaokoveld
Mountains)
Source: MODIS/NASA.

_‘J . -. .
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AEROSOL OPTICAL DEPTH (ARRPACEBORN OBSERVATIONS (11/1V)

NA2012A.0020

Monthly mean AOD at
Fppn yY | a
by MODIS (left plots)
and MISR (right plots)
during July and August
of the 2005 fire season
(top to bottom). o
Source:
http://gdatal.sci.gsfc.n
asa.gov/
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AEROSOL OPTICAL DEPTH (ARPACEBORN OBSERVATIONS (111/1V)
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AEROSOL OPTICAL DEPTH (ARPACEBORN OBSERVATIONS (IV/1V)

A Theseobservations reveal that a strong noriouth gradient can be expected from August
to October, since most smoke clouds originate from areas north or northeast of Namibia.

A Thereare always missing data (whisguares)
A Thereare large spatial and temporgtadients

A Twodifferent instruments may yield significantly different results, even if observing the sar
region from the samsatellite.

A MODISand MISR provide daily data at high native spatial resolution (typicelifkr,
depending on instrument and processing level; MODIS 1°x1° and MISR 0,5°x 0,5°). Howe
because their platforms are polar orbiters, and because AOD retrievals cannot be made c
a cloudy scene, the daily AOD datasets contain a large fraction of missing pixels.

A Currentspaceborneemote-sensing techniques cannot provitleurlyAOD data, which
would be desirable for CSP applications, and for computerized simulation of solar system:
general
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AEROSOL OPTICAL DEPTH (AABEROSOL/CHEMICAL TRANSPORT MODELS

A AOD is not observed directly, but is calculated by dynamically combining different models
and sources of information:

(i) estimated timedependent emission data for various species of particles and aerosol
precursors

(i) meteorological information (from general circulation models) related to their transport

(ii) descriptions of the chemical processes involved in the formation, ageing and
disposition of the different types of particles

A Theuncertainties in the inventories of all aerosol precursors released in the past at any
location and moment, as well as the complexity of all transport and chemical mechanisms
involved, makes the modeled AOD results generally of lower accuracy than those from

satellite observations. Moreover, the spatial resolution is coarser, and the AOD is generall
derived at only one wavelength.

A Exceptionr MACC aerosol reanalysis and forecast system developed by the European Cel
for MediumRange Weather Forecasts (ECMA9It uses an assimilation of MODIS data
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MODELING DNI

The accuracy of satellitbased DNI and GHI depends on that of the applied numerical models
and of the data used as inputs to these models. More specifically, the overall accuracy of the
modeled DNI and GHI depends on:

A Thequality of the cleassky model and its capability to properly characterize various states o
the clearatmosphere

A Thelevel of detail of the satellitelerived cloud transmittance algorithm, and particularly to

what extent it can differentiate clouds or fog from snow or ice. Over arid zones, where the

surface is predominantly bare and with a relatively high albedo, a critically needed feature

the radiativemodel is a correct simulation of the complex multidirectional albedo behavior f

various sursatellitegeometries

Theuniversality of the diffuse/direct decompositianodel

Theaccuracy, temporal and spatial resolution of the model inputs: availability, geometric ar

radiometric corrections of satellite imagery, resolving occurrences of artifacts in cloud data

appropriate spatial/temporal resolution and quality of aerosol and water vapor data, etc

A Spatialresolution and accuracy of the Digital Terrain Model (DTM).

T> T
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SOLARGISGEOMODEL

First step consists in using the simplified SOLIS model to evaluate the idealskgarradiance
based on the following parameters:

A Sunposition determined by time and astronomieduations

A Variable(over space and time) concentrations of atmospheric constituents, namely aerosol
water vapor and ozone (delivered at a spatial resolution of aboutkbh2b

A DailyAOD from the MACC model is normally used (daily variability). For Namibia, the AOC
obtained from the MACC dataset has been corrected to reflect the lower bias of the month
AQOD specially derived ISCS

A Watervapor is also highly variable in space and time, but has a lower impact on solar

irradiance than aerosols (daily data GFS @GR$R)

Ozonehas only a minor effect on broadband solar radiation (montalyes)

Cloudines® / f 2dzR SEGAYOGA2Y A& SELINBAEEASR {KNZ

meteorological geostationary satellites (MFG and MSG satellites; 4 x 4 km over Namibia).

cloud index is derived by empirically relating the radiance observed by the satellite in four

spectral channels and the estimated surface albedo to the cloud optical properties. A numl

of improvements have been introduced to better cope with specific situations such as snov

ice, or high albedo areas (arid zones and deserts), and also with cowenpéen.

A DNIis finally calculated

To T
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AEROSOL OPTICAL DEPTH (AOD) ANONDRACTS AND UNCERTAINTY (I/11)

A Radiativemodels used by solar resource data providers to obtain-teng irradiance time
series at hourly or subourly time intervals cannot be utilized optimally. In most cases, such
time series are based on montkfyyerage AOD data, or even worse, on kb&gn monthly
climatological AOD values

A Only average AOD data (from 2@2811) can be used before 2003. This means that the
modeled DNI data time series predating 2000 (or 2003, depending on implementation) will
have a larger uncertainty than the more recent data. The magnitude of thi2@6 or pre
2003 uncertainty is difficult to estimate due to the total absence of historical-gugiity DNI
data before 2003 in the region.

A ¢KS LINBaSyid ! hs @l ftdzSa |fa2 GSYyR G2 0SS f
means that the DNI maps based on the former dataset should be less conservative than tf
based on the latter. Over |0OD and CSfavorable areas in Namibia (i.e., whea&70 is
lower than about 0.10 to 0.15), the typical error limits in the MACC AOD data normally use
GeoModelare estimated to be in the rang®.05 to +0.10. With the help of the current
dataset, these limits should reduce to abatix.05.

A A likely uncertainty of at least 5% in montimhean DNI caused by the inherent uncertainty in
the AOD datalonecan be expected over IoOD (CSP prone) areas in the best possible
resource maps or modeled datasets.
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AEROSOL OPTICAL DEPTH (AOD) ANONDRACTS AND UNCERTAINTY (I/11)

A In general, a typical aerosoiduced uncertainty of 1€15% in annual average DNI should be
considered at sites with moderate aerosol load.

A Such effects cannot be sorted out without observations from local weather/radiometric
stations specially designed for higality DNI measurements

A In the atmospheric and geographic conditions of Namibia, the inaccuracies of the aerosol
may account for more than half of the total uncertainty in solar irradiance.

A Over semirid and desert zones (which are widespread in Namibia), the accuracy of the
modeled solar resource data is mainly determined by the parameterization of the atmosph
especially the proper quantification of aerosol and cloud attenuation.

A The accuracy of thBolarGl$latabase, version 1.8, has been compared with {gjghlity
ground observations at almost 100 stations worldwide. ThtarGl$latabase demonstrated
its high reliability and its superior quality compared to other solar databases on the market
a recent IEAHC Task 36 dataercomparisorstudy (neichen 2011).-> error of 6 to 10% (we
expect to have lowered these values)
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AEROSOL OPTICAL DEPTH (AOD) DATA AND RESULTS (I/11)

Modeled monthly mean AOD at 550
nm for the month of September 2000.
Asterisks identify AERONET sites.
Source: Matichuk et al., 2004.

Monthly mean aerosol emissions (in
Teragrams) over central and southern
Africa during September 2000. Source:
Matichuk et al., 2004.
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