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Optimized Integration of Renewable Energy Technologies in MENA:
Jordan Case Study

Introduction

Jordan has experienced a significant increase of peak load and annual electricity
demand within the last years due to economic development and population growth as it is the
case for most countries in the MENA region. The experienced growth rates are expected to
continue during the next decades, making large investments in new power generation
capacity necessary. Additionally, when gas supply from Egypt was interrupted several times
and crude oil world market prices increased, recent years have shown painfully that a power
supply exclusively based on fossil fuel imports is subject to a very high risk and can have a
strong negative impact on the national budget. Electricity sector authorities are looking
therefore for suitable solutions to keep up with the increasing electricity demand, to make
Jordan more independent from fossil fuel imports and to provide electricity at reasonable
prices in the future. The paper at hand presents a methodology for the optimized integration
of renewable energy (RE) technologies into Jordan’s existing power plant portfolio. The core
of the methodology is the mixed integer linear optimization program ReMix-MENA
(Renewable Energy Mix for the Middle East and North Africa) developed at DLR which
optimizes capacity expansion and replacement as well as unit commitment of RE and

conventional power generation technologies simultaneously.

Methodology
The methodology for an optimized integration of RE technologies into Jordan’s power

plant portfolio is shown at Figure 1.
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Figure 1: Methodology for an optimized integration of RE technologies into power plant portfolios

In a first step, within a resource and site assessment for utility-scale PV, onshore wind
power and Concentrating Solar Power (CSP), technology specific hot spots for the most
promising RE technologies in Jordan are identified using a Geographic Information System
(GIS). Thereby, the technology specific hot spots are identified by applying a site-ranking
process with respect to the availability of the primary energy source (wind speed, solar
radiation) as well as to the distance to demand centers and infrastructure (substations,

transmission lines, major streets, etc.). At each site, information about the hourly availability
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of the respective resource, the hourly ambient temperature and the maximal installable
capacity are assessed. With this information representative hourly generation profiles of each
technology at the respective sites are calculated. This information serves, together with
detailed information about power demand and supply in Jordan and related techno-economic
data, as input for the capacity expansion and replacement optimization model ReMix-MENA.

The emphasis of the ReMix-MENA optimization tool lies on the cost efficient short-
term integration of RE technologies into existing power plant portfolios, while conserving the
security of electricity supply of strongly increasing electricity sectors. Therefore, the tool
optimizes the capacity expansion and replacement of conventional and renewable power
generation technologies as well as the hourly interaction of the different conventional and
renewable units of the power plant portfolio (unit commitment) taking into account all relevant
restrictions on system level (e.g. reserve capacities, etc.) and unit level (e.g. start-up costs,
part load efficiency, minimum up- and down-times, influence of ambient temperature, etc.).
The optimization tool is formulated as a mixed integer linear optimization programming
(MILP) problem written in GAMS (General Algebraic Modeling System) and solved by the
commercial MILP solver CPLEX which is accessed via the GAMS/CPLEX interface. Contrary
to traditional capacity expansion models which generally use load duration curves the ReMix-
MENA optimization tool uses annual hourly load time series for optimizing the capacity
expansion and replacement. Thereby, load chronology and information about the temporal
availability of RE technologies as well as operating constraints and dynamics of thermal
power generation units can be taken into account since the importance of these constraints
increase significantly when RE technologies are part of the capacity optimization.

The objective function of the model is shown at Equation (1). The total system costs
are minimized by optimizing the unit commitment of the already existing and the possible
new conventional and renewable power generation units over one year on an hourly basis
taking into account annual capital costs of the potentially new and the existing but still not
depreciated generation units u (CAPEX,), the annual fix and variable operation costs of all
existing and potentially new units g (OPEX;) and costs for power imports and exports
(IMPORT * ¢;,, EXPORT * c,).

Minimize Z CAPEX,(y) + Z OPEX,(y) + Z IMPORT * ¢; — Z EXPORT * c,, vyeyY (1)

uev geG teT teT

This optimization is carried out for planning steps of 1 — 5 years, e.g. for the years
2012, 2015, 2017, 2020, 2022, whereas the results of the previous planning step serves as
input for the next planning step. In terms of integration of RE technologies into the power
plant portfolio the approach is very conservative since RE technologies are only integrated if
their utilization associated with their total annual costs (CAPEX + OPEX) contributes to
reduce total system costs in the investigated year.
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Results

The results of the capacity expansion optimization (“base case” scenario) are shown
in Figure 2. As can be observed, RE technologies are already competitive in the short term in
Jordan. Until the end of the optimization time-frame in the year 2022 about 2200 MW of CSP,
2100 MW of utility-scale PV, 1000 MW of onshore wind power and 1800 MW of conventional
capacity is installed. The share of power generation by RE technologies is increased from
about 0.3 % in 2012 to more than 47 % in 2022, whereby Jordan becomes significantly more

independent from fossil fuels and the related risk of cost escalation.
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Figure 2: Development of generation capacity and power generation until 2022 (,base case®)

Figure 3 shows the development of the unit dispatch over the optimization time-frame
in Jordan exemplarily for a summer week of the years 2012, 2017 and 2022 for the “base
case” scenario. As can be observed, peak load power which is served by expensive fuel oil
in the year 2012 is replaced in a first place. Utility-scale PV plants and onshore wind power
plants are used as inexpensive “fuel savers” due to their comparably low generation costs.
On the other hand, CSP plants are operated as peak/ upper-mid merit power plants providing
strongly required firm and flexible power generation capacity. Until 2022, the share of power
generation by RE technologies is increased continuously, especially due to CSP units with
increased solar field and thermal energy storage operated as mid-merit power plants.
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Figure 3: Power generation dispatch in selected summer weeks in 2012, 2017 and 2022 (“base case”)

In Figure 4, the development of the average specific generation costs of the “base

case” scenario is compared with a “fossil fuel” scenario (investments only in conventional
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technologies) and a “fluctuating RE” scenario (no investments in CSP units). As can be
observed, the optimization shows that a well balanced mix of all available RE technologies
and some conventional generation technologies according to the “base case” scenario is the
least cost option for Jordan to meet future power demand.
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Figure 4: Comparison of average specific generation costs of the power plant portfolio for the capacity

expansion according to the “base case”, the “fossil fuel” and the “fluctuating RE” scenario.

Conclusion

The future challenges for Jordan’s electricity authorities have become obvious in the
last years. Reliable electricity supply at reasonable prices is a key factor for Jordan in order
to ensure the future economic development. The paper at hand describes how a well
balanced mix of renewable and conventional power generation technologies can ensure to
keep up with Jordan’s strong increasing electricity demand and to get simultaneously more
independent from fossil fuel imports whereby the escalation of future electricity generation
costs can be significantly absorbed. It shows that CSP, utility-scale PV and onshore wind
power, due to the excellent solar and wind resources, are already competitive today in
certain load segments of Jordan’s electricity sector. Each of these technologies has
characteristics which determine the application within the electricity system. PV and wind
power can be used as cheap fossil “fuel saver”’. The CSP technology, as a dispatchable and
renewable power generation technology, can deliver strongly required firm and flexible power
generation capacity and - due to its constant generation costs - has a significant advantage
over fossil-fuel based technologies.

However, even though the analysis has shown that RE technologies are competitive
in Jordan in the short-term and the large-scale introduction is favorable for economic
reasons, suitable market conditions still have to be implemented in order to trigger
investments in renewable power generation projects. Providing security about future
revenues is the easiest way to attract private investors and to bring down generation costs of
RE technologies. One possibility is the introduction of technology specific international
insured long-term power purchased agreements whereby project risks can be brought down
to an AAA level.




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



