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DESIGN OF A PUMPED HYDROELECTRIC ENERGY STORAGE
(PHES) SYSTEM FOR JORDAN

By
Anas Aref Al-Garalleh

Superviser
Dr. Salih Akour

ABSTRACT

Renewable energy sourgearticularly wind energy is becoming immensely popular
throughout the world. Jordan is one of the countrias &ne interested in increasing the
integration levebf thewind energy on th@ationalelectrical grid.The main drawback of
wind power is itsinherent variability and uncertainty of source making wind energy a
difficult resource to dispatcih Pumped Hydroelectric Energy Storage (PHES) system is
consideredo bean attractive alternative solution for load balancing and energy storage
mainly withwind farms The current research utilizes the existing dams in Jordan as lower
basin and provides candidate locations for upper pumped storageibasesicinity of
these damwithout affecting the functionality. These upper basinsre seminatural
basins with least amount of construction, i.e. relatively least cost as shown in the
economic analysis of implementing such project.

All power systems of both conventional and renewable energy in Jordan are modeled
using PLEXOS software package. The optation technique of Mixed Integer
Programingis utilized to achieve optimum solution for wind energy variability and
uncertainty The power model is designed by usthgactual characteristics of all power
generating units in Jordan. Real demand load dbtained from the National Power
Company are implemented in the design model so the study psoealdife solution for
the variability ofrenewable energy sources mainly Wind Energy. Wind sizematained
for one yearfor Al-Tafila heightsand implemented in thdesignmodel. Analysis is
carried out for power systeswith and without PHES to show the improvements that are
achieved by using such storage system.

A locationsurvey of the candidate sites in Jordsrconductedvhere the PHES ca
be installed and operated in an efficient manner. Ten locations have been analyzed deeply
in the location survey. The results show that six of thensaceessful candidates and
appropriate locations to install PHES systesimce they pass all PHES design
requirementsAl-Tannur dam has been selecésdase studjor desigring PHES system
for Jordan.The analysis opractical power modeas carriedin different scenarigswith
and without inclusion of PHES unitThe positive effect on the behavior of the power
system when the PHES is includisctclearly observedwind integration level has been
increased and dispatched on demadiite generation in peakemand by the inefficient
costly units is reduced so the toganeration cost has been diminished.



Chapter One

Introduction

1.1RenewableEnergy Overview

The renewable energy sources are steashlyanding Many countries around the
world have started to instafacilities that use renewable energy sources for power
generation The importanceof renewable energy sourcesmes together witklimate
changechallenges associated with the excessive use of fossil ftedseare also three
main motivators that acceége the development of renewable energy systems: energy
security, economic effects, and carbon dioxide emissions restri¢ti@developments

in technology have allowed nationsgmducerenewable energy more prieffectively

Solar energy haasignificant potentiahnd itsutilizationis expandingextremelyfast
It canbenefit to prevent the greenhougssesthat threatenrreversibleenvironmental
change for the worldSolar energy currently contributes a little to redeceissions.
However it will certainly have a significant motivation in climateendly scenarios in
the next yearsSolar energycontinues to bene ofthe fastesgrowing energymarket

over the past few yeans.is supposed to get competitivenedsuge scalwithin tenyears

Wind energyis known as the most feasible as well as the most reliable among the
renewable energy systems aftBydropower Recent times havexperienced an
acceleration in wincenergytechnologyexpansionand arise in investmentprojects.
Therefore led to increase the number of expedad achievea significant working

experience in this field all over theorld.

Wind power ismake use of air movement by using wind turbines to operate an
electrical generator for electricigenerationWind energy, as opposed to fossil fuels, is

sufficient, sustainable, extensively distributed, clean, releases no greenhouse gas



emissions while operating, requires no water, and needs small area. The cumulative
effects on the natural environment are much f@eblematic than those of nonrenewable

power supplies.

Wind farms comprise of some individual wind turbines which are usually hooked up
to the electc utility transmission netwotHKt delivers variable power which is very steady
from year to year butdsa considerable vari@n over quite short timescales whiwafill
affect the performance of thgwergrid. Therefore there is an urgent need to include
storage systems in tip@wersystemwhich aid in regulating the movement of electricity

in theelectric grid

1.2RenewableEnergy in Jordan

Jordanhasan excellentpotential of renewable energych aswind and solarSo it is
one of the countrieghat interested in expanding the utilization of renewable energy
sector Jordanis locatedwithin the sunbelt where the intensity of direct solar radiation is
about(5-7)kWh/m2 Therefore there is a massive opportunity to use this endéfdy

zZ o u,@00)

Now, there are several prajes have finished constructionw® solar PV projects with
total capacity of 5 MW at Azraq in cooperation with the Spanish governmemsive
PV projects ageements aothesolar cell to generate electricity wighiotal capacity of 200

MW mostly in Ma'an and solar Pv project@tierdAgba65-75 MW (Sahawneh, 2015)

Also, Jordan is rich in windesources, Wind speed reaching betwéd to 10.0 m/s
in someplaces as shown irFigure 1.1 So it is one of the countries that are interested in
wind energysince 1996At this timethere are four wind power plants hookgaltothe

nationalgrid, thatlocated at Ibrahimyah, Hfa, Tafila and Ma'an.
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Figure 1.1: Wind mapin Jordan( Ministry of Energy and Mineral Resour¢2812)

Ibrahimyah plant is locaterlose to 80 km north of Ammacoonsists of 4 wind turbines
with acapacity 008 MW for each turbineThe Hoffa plant is located nearly 92 km north
of Amman,consists of 5 wind turbines withcapacity 0 .225 MW for eadhrbine.Tafila
Wind Farmis locatel in Tafila Governorate ithe southwesbf Jordanit is the firstlarge
scalewind power plant, it has startéids electrical energy production with a capacity of
117 MW in 2015.Ma 6 a n Pdvk hagl beerhooked up to the national grid with a

capacity oB0 MW in 2016

These windstatiors are just the beginning not tlaet, soa target of 10% of renewable

energy input to the energy mix by 20R0setin the national energytrategy It aims



mainly toincrease theatedpower generated from the wind to 1200V and 600 MW
of solar Table(1.1) showsthe recent an@liture planof ingalling wind stations in Jordan

(Sahawneh, 2015)

Table 1.1:Future plarof wind stationgSahawneh, 2015)

Station Capacity MW

year
Wind park 2015 2016 | 2017 |2018 | 2019 | 2020 | Total
Tafila 117 117
Ma'an 80 80
Various 100 |300 |300 |300 |1000
Total 1197

The most critical weakness of wind power is its natural variabiid also the
uncertainty of sourcél’hat is whya massiverange integration of wind is a danger to the
stability and reliability of electric grids hosting wind energy conversionesyst

(Namgyel, 2012)

It is clear that winagnergysector wil continue to expand in Jordahherefore fail to
use proper energy storage system by the electricity distribution copwpiitgad tolack

of balance between the electricity generated by wind farms and the rate of energy demand.

Pumped Hydroelectric Energy Stora@@HES systems are consideraa attractive
alternative solution for load balancing and energy storage. They can supply ancillary
services at high ramp rates, and they can additionally provide benefits from intraday

energy price variation by releasing the energy at high demand peaiodisising the



energy at oHpeak periods to pump water irabigh potential energy reserv@giamgyel,

2012)

1.3Problem statement
With persistently increasing fuel prices and growing environmental concerns, the
energy from renewable resources, particularly wind energy is becoming immensely

popular throughout the world.

Jordan is one of the countries that are interested in wind power, in 2015, the first large
scale wind power planT afila wind farm has startedsi electrical energy production with
a capacity of 117 MW. I n the near future
national grid with a capacity & MW. Through the upcoming years other farms will be

installed and connected to the national grid.

The main drawback of wind power is its uncertainty of souraking wind energy a
difficult resource to dispatcliror this reason, large scale integration of wind is a threat to
the stability of utility grids. Utility grid should consider this main issue tdcimahe
energy produced by the wind farms to the energy denfd@dchdlenge is to find a way

to makeenergy created by wind resources available on demand

In JordanNationalElectric Power Company (NEPCOgontrol the power generation
from the power plats. If the wind integration is increased it vakperience difficulty on
controlling power flow through the systemtich hghly motivate the adoption of PHES
System integratiorProperly designe®HES if integrated into the Jordan power system

canoffer maximum flexibility to resolve the problem of wind integration



1.4The main objectives

1. Site Analysis, which includes geographic data collection and proper site selection.

2. Design aPHES systento avoid the loss of energy generated by the wind farms at
off-peak load.

3. Regulate and control of the energy generated from wind fardusdian.

1.5Methodology

This study focuses onéhimpact of inclusion PHES in the power system along with
the increasig of wind power integration level in Jordarhree maimaspects related to
energy storage systemill be studiedwhich are: conducting a location survey to examine
the candidate sites for PHES installation in Jordan, designing of PHES system station,
modelng a practical power systefor Jordarwhich includesll thermal generating units,

wind farms and PHES unit.

In the location survey a water balance for each dam has to be done and all data that is
needed will be collected frodordanValley Authority (JVA). All the power system data

that is needed to accomplish this study will be collected W&RCQ

An academic version of PLEXOS fdtower Systemswill be usedto model the

practical power system whichassimulation software fognergy markt analysis

1.6 Thesis layout

This thesis is structured as followShapter one presents the background of the study,
the problemstatementand its significancemethodologyandthe main objectivesof
the study Chapter two gives publishditeratureof different topics relevant to the study.
Chapter three provides lacation survey studyf the candidate site<Chapter four
represents therocedure to design PHEShapter fiverovides the information about the

power modelingChapter six discuss the resutfter run the power model. Chapter seven



provide an economic study for the PHES. Chapter aigimtmarizes theonclusionsand

providessomerecommendations.



Chapter Two

Literature Review

2.1The History of PHES

In the last decadenterest ina large Electrical Energy Storage (EES) systdras
expandedsignificantly as a good potential strategy to many of the issues related to
renewable energy systen@neof the most significanthallengesf manylow-carbon
generation systems issuallythat hey lack the same level of lodallowing flexibility
as compared with a conventional fossil fuel power generaliois.appliego renewable
generation technologies whieneweather conditions dependent. For instance, the wind

and solar primary energyseurces are varied, ofteimexpected.

The limited abilityof the wind and solar systems to ledaollow, is among the most
significant problems that bulk EES aims to handiéany research studies have
considered thenergy storage as an essentiathod ofcontributing the flexibility that is
necessary tintegrate massivproportions of renewable energy in electricity networks.
Through areportthat is doneby (Denholm, Ela, Kirby, & Milligan, 201Q)for the
National Renewable Energy Laboratory, USA concludes that high penetrations of
variable generationill extend the intast on all flexibility options, which includes
energystorage systemgEyer & Corey, 2010Q)also summaee that renewable energy
integration is among thmajor driverdor energy storge as well agBeaudin, Zareipour,
Schellenberglabe, & Rosehart, 201€)ncludethat largescale renewables integration
would be an extra difficult challenge without energy storégechran, Bird, Heeter, &
Arent, 2012) review the most suitablenethodsfor integrating variable renewable

generationto the grid, and conclude thathereis no one sizehat matches alenergy



demand Therefore that will encourage the development of energy storaggems
Although it isacceptedhat smaller percentages of renewable generaamintegrated
into many electrical power systems without very considerable operational variations

(Gross et al., 2007)

PHES also offers various advantages throughoupdiveer supply chain, andome
research studies have talked about tfiBsebour, Wilson, Radcli€¢, Ding, & Li, 2016)

Theyinvolve:

1 Allowing greater deployment of lowarbon generation

1 Facilitating atime of use energy management

1 Increasing reliability for endsers

1 Minimizing the fluctuation of electricity prices

1 Improving system reliability

1 Maximizing system flexibility

1 Reducingthe require for transmission upgrades/new transmission infrastructure

1 Reducing overall pollutant emissions.

As shown in iures2.1 PHESstoreselectricalenergy by elevating wateo upper
reservoir The chargingorocess converts electrical energy into mechanical energy and
eventually into gravitational potential enerdpy using the power to pump water from a
lower reservoir to &igher reservoir. The discharging process is the reverse; it converts
gravitationalpotential energy into mechanicahergyandthen to electrical energy by
allowing water to flow down from the higher reservoir to the lower reservoir, driving a
turbine that § attachedto an electrical generator. Table 1 gives some of the typical

technicdcharacteristics of PHES plani@hen et al., 2009)
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At a countrylevel Japan has the largest installed capacity of PHES at ~2@0@#he,
, Gallach, & McKeogh, 2010Q)which represents over 8.5% of its installedcéiicity
generating capacity. China has the second largest capacity of PHES followetlBythe
However PHES constitutes only 1.8% and 1.9% respectively of their total installed
electric generation capacityable 2 showsomecountries with the largeshstalled

PHES capacities.

Wind Farm

Energy produced by
the wind farm
—_—

\ Upper Storage Reservolr /

Supplementary
Energy

Energy recovered by
the turbine's oparation

y

Energy rejectad
and stored by the
pump station

Flow direction for the
turbining operation

N

Flow direction for the
pumping operation
Hydraulic .
Turbine \ Lower Storage Reservoir /

-

Water Pumps
(n pumps in parallel)

Figure 2.1: PHES operationEnergy Storage Technologies for Electric Applicatidl 4

Table2.1 Technical characteristics of PHEBeaudin et al., 2010)

Power 10-4000 MW
Discharge duration at rated power 1-24 + h

Roundtrip efficiency 70-85%
Selfdischarge Generally negligible
Response time Min

Power capital cost 20004300 $/kwW
Energy Capital cost 5-100 $/kWh
Lifetime 40-60+years
Suitable storage duration Hours- Days
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Table2.2 Installed PHES capacity by country and curi@@l4) capacity under

construction(Deane et al., 201;ang & Jackson, 2011)

Country Install_ed PHS | Under construction PH%‘?igsot\g ﬁégiﬁ’:&'ﬁ%:ﬁ a
capacity (GW) (GW) . :
generating capacity

Japan 24.5 3.3 8.5
China 22.6 11.6 1.8
USA 20.5 - 1.9
Italy 7.1 - 5.7
Spain 6.8 - 6.6
Germany 6.3 - 3.5
France 5.8 - 4.4
India 5.0 1.7 2.2
Austria 4.8 0.2 21
Great Britain 2.7 - 3.0
Switzerland 2.5 2.1 12
Portugal 1.1 1.5 6.1

2.2 Historical development of PHES

2.2.1 Europe
Figure 2.2 illustrates that The European countries have the most Ridg&ity,and
thatover 80% of itwvas commissioneldetween 1960 and 1990. The largest numbtheof
schemesare situatedn the mountainousegionsof Germany, Italy, France, Spain and
Switzerland. Although in a number ofnations developmentwas in para#l with
significart increases in nuclear capaci8omecountries like Austria addddrgePHES
capacities even withavingno nuclear power at alhs Figure 2.2illustratesthe annual
percentage rate of development of PHES in European countries has slightly expanded
since 2008 which is thought to have beenrasponse to théncreasing ofenergy
requir ement dndthanteipagom of indrease®viind generatibim430 MW
Reisseck Il scheme in Austria (commissioned in 2014) andxgpansiorof the Spanish
La Muela pumped storage facility by 852 MVdre someo f

Europeds

development$ HydroWorld2013.

newes
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2.2.2 Japan

Japan has historically developed PHES sydteonomplenent its nucleargeneration
and to provide an alternatielution to fossil fuelpeakingunits. Japanchosenuclear
power as a primarglectricity sourcegenerationFor energy security reasqriaparhas
installeda large capacity of PHES/stemdo complement its nuclear power and provide
peakelectricity. Furthermore, it also does not have any electrical interconnections to other
nations (nlike Francefor instance, which ia significart exporter of nucleagenerated
power in the United Kingdom, Germany, ItaBwitzerlandand Spain)This addgo the
value of flexible generating plants and expsawhy the percetage of PHES capagiis
significantly higher than in many other countri€ee mountainous in Japan is perfect for
PHESiInstallations althoughthe majority of the most suitable sites héween developed

(Anuta, Taylor, Jones, McEntee, & Wade, 2014)

2.2.3 China

Compared to Europ&)SA and Japan, the development of PHES in China occurred
relatively recentlyas shown in Figur@.2. Although the initial PHES scheme (11 MW)
was designedh 1968 and then the second in 197%p&nsion after this stayatbrmant
until the 1990s. Since then it has developed very quickly for measons Electricity
demandhas beenincreasingwi t h Chi naés gmpowth cRHESecarobeo mi ¢
considered as significantly helpful to bridge the vatieyeak gap in addition to
maximizing grid-reliability. The regional targetsfor carbon reductiorand the rapid
developmentbf wind energy irNorthin addition toWestChinag with poor transmission
infrastructure are additionally regardedas important drivers for enhanced PHES
developmentZeng, Zhang, & Liu, 2013At the end of 2013, the overall hooked up wind

capacity in China was 91 .4 GW.
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Chinds high share ottoalbasedoower gneration is another driver faroreflexible
generation, as most plants daiege scald> 300 MW), lessefficient and les&conomic
to operate at partial load he expansionin PHES capacity is occurring alongsitte
significant expansions of conventional hydro generatioii Chi n a | I nt er

Hydr opower Association, o 2015)

2.2.4 USA

As shown inFigure2.2, the most oPHES stations in the United Statesre designed
in the period 19607 1990 (Yang & Jackson, 2011)This perial was alignedwith
significant increases in nuclear capacffyenholm et al., 2010hotethat thesignificant
increases in theost of crudeo i | and gas in the 7006s along
prices guidedutilities in the U to evaluate PHES as alternatives to fossil fuel peaking
units. With lower electricity price ranges for PHES statidhanconventionalpeaking
stations more recentfeHES was often more attractive economiceipce 199Q there
has beetheminimaldeployment of PHES in the US#s a result dbubsequent decreases
in the price of oil and gass well adargedecreases in the capitalste of Combined
Cycle peaking unitsA number ofarticles have indicated that the USA owns a PHES

potentialgreaterthan 1000 GWYang & Jackson, 2011)

2.2.5 India

In India, thefirst pumped storage station was the 770 MW Nagarjunasagar, plant
whichwascompletely commissioneid 1981. Between 1981 and 1998 another 742 MW
of PHES was installed, and then one more 3450 &% installedoetween 2003 and
2008 The motivation tanstall PHESIn India comes primarily from the desire to meet
peak electrical demand; the peak power capas short of the peak demand in most
states by 1415%. Thereforetheaim for pumped hydro plantsto shift electricity from

off-peak to peak houf(Sivakumar, Das, Padhy, Senthil Kumé&rBisoyi, 2013)
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Figure 2.2 (a) Historical PHES deployment in Europe, Japan, Chit&A and India (GW). The dots represent each
year in which at least one PHES plant was commissioned, and have an area proportional to the capacity
commissioned in that calendar yedn). Cumulative sum of PHES deployment power capacity (GW). The list of
PHES pants included is available to downloaddf Ener gy St or age Sense, 0 2012.)

2.3 Advantagesof PHES for Wind Integration
The benefits associated with inserting wind power to the electrical power sigstem
summarzed as the following: 1Reductionof total geneation costsince much less fuel

is usedn conventional stations and Reductionn carbon emission while less fossil fuel
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Is burned However, as a result of the natural variability of wind, expanded wind power
integration carcreateharmful effects on the power system reliability. These types of
negativeimpacts can potentially require an increase indb&of maintainingthe same

level of power system reliability, often called wind integration cost. Furthermore, these
negative impctscan potentially offset the advantages of wpwlver and grow to be
significant while additional wind poweis installedinto the power system(Holttinen,

2008). It is very importanto determine these typesm#gativeimpacts to make sure that

they mitigate just a smaller part of the advantages. There are many scientific studies
completed on integrating PHES with wind farms as a technique to offset ariladbiity
problems. Somadvantagesef PHES related to wind power integration as a result of these

scientific studiesrediscussedelow(Namgyel, 2012)

PHES is typically aligned with wind stations to increasenomicprofit. At cetain
times of lav energy cost, the wind statioas an alternative teelling their power to the
grid, it can be used to pump water from a loweter reservojrand then keep in the
upper reservoirWheneverthe energy pricencreasesabove a certain threshold level,
stored water is released banko the lower reservoir generatimdectricity, and itis sold
to the grid. Wind poweis often soldo the grid within this period of high energy cost. In
Alberta,in anticipationto 700 MWof wind energyin the futurea model which involved
a 40 MW Castle River wind farm and a 40 MW PHES at Oldman wamsuggested
The result demonstrates that when wind power generatingdually was profitable, the
productivity of wind power generationexpanded by a factor of fouwhen it was

connectedvith PHES(Nickel, 2006)

PHES is commonly used in remote areas to benefit from \woaer rejection

Involvement of PHES into theowersystem of an isolated locatiomelps effectively to
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mitigate a rejectionpowerthat is generated byind farms (J. S. Anagnostopoulos &

Papantonis, 2008)

Utili zation of PHES to handle wind power variability is a developing trend globally.
There are many scientific studies on using PHES for integratingemiexdyy All of these
studies referretb show considerable benefits @mbiring PHES in thgpowersystem.

Some dthese studies wilbe reviewedhere.

(Bakos, 2002)examined the operation of a combination wind/hydro powea in
selectedapplication on the island of Ikaria in Greexystem intending at generating low
costelectricity. A Monte Carlo simulation code was created to $ataithe operation of
theentireinstallation,to enable a suitable selection of component standards and location
meteorological data to be applied to increase predicapabilitiesThe code repeatedly
integrates to determine the immediate amount oidier reservojrand also the present
condition of windfarm energyproduction.According to these tweariables,a logical
decision tree is designed to determine whethemtine, accumulated wind and hydro

energycansatisfy the needs of the local gidthe island ofkaria.

Some studies concentraten the development of an optimal method fIHES
integration (Castronuovo & Lopes, 2004onducted aoptimizationtechnique to assist
recognzing the perfecthourly and daily strategy for the operation of a merged wind
hydro pumping storage powstation.Based on the solution of tle@timizationproblem,
it is easy to figure out the hourbperationof thewater pump statioGVPS), small hydro
generator andlso wind generator,such that it can raise the power plant operation

revenue.

(Kusakana, 2016Yyesigned a model to obtain the optirdally operatiorplanning to

be executedn a hybrid system consists of a photovoltait, a wind farm, a PHES
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system in addition to a diesgéneratorThis model seeks to reduce the use of the diesel
generator whilanaximizingthe utilization of the solar photovoltaianit, wind units and
PHES system.The simulation results indicate that using the pumped hydragsor
ability; it is possible to handle argad operationdimitations which often need a quick

response from the power generation or stosygéem.

Some research studies conduciatumericatesearclof the mosefficient sizing and
design of a pumpinglantunit in a hybrid windhydro station(JohnS. Anagnostopoulos
& Papantonis, 2007introduceda numericalresearch in the wintlydro station. The
standard modethich containsomeidentical pumpsvorkingin parallel is analyzed
compared withiwo differentother configurations, making use of owariablespeed
pumpor justa special group admaller sizegockey pumps. The target is to decrease the
guantity of the windenergy that canndie convertedo hydraulicenergy in the storage
tankresulting from poweoperatinglimitationsof thewater mmps in addition to
thewhich will lead to stepwise operatingof the pumpingplant. The plant performance
for a certain time of one ye@ simulatedby an extensive evaluation algorithm, which
additionally conducts an extensive economic analysis of il pmploying dynamic
evaluatiormethods. A preliminary examine of the whole plant sizeangpmpletedt first
applying aroptimizationtool dependent on evolutionary algorithri$ie operation of the
three analyzed pumping station units is then estimatedd then discussed in a
comparative study. The outcomes show that the making use of a vapaiele pump
constitutes the most effective and profitablduson and its superiority is more

pronounced for less dispersed wind power potential

(Benitez, Benitez, & van Kooten, 2008jlesigned a nonlinear mathematical
optimization program for checking out the economic and environmental effects of wind

penetration in electricajrids and estimating how hydropower storage can be used to
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offset wind power intermittencylso, (Foley, Leahy, Li, McKeogh, & Morrison, 2015)
have designed a technical, economic and emvmnental longerm creation extension
planning analysis of a test system with high wind power generdfios. research is
unique in thatit captures reserve needs in addition to generation prices and carbon

emissions using aoptimized power dispatclandunit commitment model.

In the currentstudy the differencefrom previous studies is th&LEXOS Software
will be used to evaluatine practical approadio building the storage systeailong with
high integration level of windThe preent study will consider Jordamafila wind farm
asa reference station for the future expansion in wind integration level in Jdtaer
sites will be exploredfor the opportunity of being candidate sites to uidized as
hydropowerstorage such as the dgrdams in Jordan. Upon to the author knowledge, this
will be the first research thas concernedwith using hydropowerstorage system to

regulate the power supply from the wind farms in Jordan to the national grid.
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Chapter Three
Location survey

3.1lIntroduction

In future energy systema Jordanwith high shares of nedispatchableenewable
electricity generation, storaggstenwill play a keyrole. Furthermorethe rapid increase
in the expansion of renewable energy systems will lead to an urgent need to rtbgulate
electricity flow into power networksSo,the main goalof this research is to explore the
opportunity in Jordan to designPHES systeno avoid tte loss of energy generated by
the wind farms at ofpeak demand bysing the excess energy to pump watethigh
elevation reservoirAt peak demand this high potential energy water will be released
back to operatbydropoweturbines that generate eldcity accordingto thedemandn

the grid.

Jordanhas many huge dams in the southern and northern parts of Jordararénat
surroundedy mountains and hills witgoodheights. Six damswere builtin the north
andthe middle of Jordamalley as it may be seen irigure 3.1 with an overallstorage
capacity of 8.7 MCM. These damare:King Talal, Ziglab,Wadi Al- Arab, Karameh,
Shuaib andKafrein. Threeadditionaldams Tannur Mujib andWalah arein the southern
part with an overall storagepacityof 57.7MCM. AL-Wehda dam whicls locatedon
the border between Jordan and Syria has 110 MCM storage cafaoigd water from
thesedams is beingusedfor livestock, ground watemrecharge irrigation and also to

generate electricity by hydro generators. All the data that is needed is collected from JVA

and a sample of the data can be found in appendix®J or dan VadiWeby Aut |

Pr ese20lde, 0
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3.2The geographical requirementsof the candidate sites

In general, PHES system consists of two reservoirs with high elevation diffeTdwce.
candidatdocations for installation dPHESsystemshould be situated on high elevation
areas such asll or mountainand also it should be near to the water sourtlsupper
reservoiris on top ofa mountain,whereasthe lowerreservoiris at thebottomof the
mountain Thepowerhousevith the generatoris definitely in between the tweservoirs
but veryclose tothe lower reservoir.One of the aims of this research is to search for
suitable natural basins nearby an existing water reservoirs (damsjecrease the

construction cost of PHES systgthelocationshould have the following properties:

1. The nature of the site should be ablé&éepwater.
2. Theelevation between the upper aogver reservoirsshouldbe highenough to
allow construction of PHES-or a certain power station, the reservoir storage

requirement and the capacity of the water caondreinversely proportional to
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head Therefore, the cost dhe reservoirand water conduiis greatly reduced
when the site has a high head.

3. The dstance of water conduit has to be as short as posdibls.is mainly
necessary for the locations witte lower head. The economlengthfor awater
conduit is function of head and can be identifiederms ofthe whole length to
head (L/H) ratio. The maximum acceptable L/H ratio range is from 10 to 12 for
high-head sites (360 m and above) and about3ftr low-head sites (15080
m) (Namgyel, 2012)

4. Reservoircandidatelocationsshould have leastxcavation work to reduce the
capital cost of construction

5. The candidate sites should be located near the grid to reducetpasgenissions

cost.

3.3Energy storage capacity

To determine thamount of energyhat can be stored by the PHES system in a dam.
The volume of water that is needed to estimate the electrical energy that can be converted
into potential energy in the high elon storagecan be calculated according to the

following steps:

1- Identify the rated pumping head.
2- Calculate the voluméow rate of water when pump operates with 1 MW rated
power to elevatevaterto rated head into upper reservoir by using equation (3.1)

0
"Q ” 'Q

C

oP
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Where:

: Rated volume flow ratedr 71 .

C

: Rated Pump Powery .

C

: Pump efficiency.
"Q Acceleration ofyravity «®d j i
" : Density of water p 1t TOTH0
"QHead & .

3- Identify pump continuous operation time in hours at a rated power in a certain
interval.

4- After calculating the value of rated flow ratestep 2andidentifying the number
of hoursin step 3the required volume of th&perreseroir can be estimated by
using equation 3.2.
w L Y o]
Where:
w : Volume of theupperreserwoir.

“Y Rated pumping time in secand

Now it is possible texpandthe system capacity byultiplying the required rated
pumping power by the volume of thpperstorage that was used to store energy for only

1MW rated pumping power
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3.4 Candidate sites in Jordan

It is important to mention that the geographical requirements of the candidate sites are
not easy tde met However it is necessary to explore and find the best locations that can
achieve themaximum possible of theequirements of PHE®istallationto reducethe
capitalinfrastructure cost of the whole projedordanas previouslyndicated has good
potential siteso utilize this kind of storage system as result of tiauralterrain's

specifications nearby the dams.

3.4.1 King Talal Dam

As shown in kgure 3.2 King Talal Dam is a huge dam in the mountains of northern
Jordan, across the Zargalley. As shown intable3.1 the dam was initiated in 1971, with
the primary construction getting completed in 1978 at an elevation of 92 .5 sn&ter
1984, to match the countryiereasingvaterdemandsthe danwas expandetb a height
of 106 meters, a project whigias completeéh 1988.The mainpurposesof the danmare
to store winterrain water to treatsewageavaterthat is drawrfrom Amman and Zarqeo
betreatedn As Samrastation, to irrigateddordan Valleyfarms and to generate electricity.
There are two smallydro powermnits (Francigurbing installed in the King Talal Dam

with ratedcapacity of 5 MW
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Figure 3.2 King Talal dam

Table 3.1: King Talal dam informatiqdordan Valley Authority?2 O X 5

Location Zargavalley

Type Earth- fill

Purpose Irrigation

Height 108 m

Storage capacity 74 MCM

Construction Completed in 1977, raised 1987

King Talal Dam hasan excellentpotential to construcPHES systemas shown in
Figure 3.3 Two candidate locations are identified which hgwveperheightdifference
thatranges from 200 to 220n and have enough suitable area where the upper reservoir

canbe constructed
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Figure 3.3: Candidate locations in King Talal dam

The candidate locations in th#dam area are close to theelectric grid. This is
advantageousegardingthe construction cost, (i.e. Reducing the electrical transmission
expenses). Figure 3.4 indicates that the distance between the upper and bottom storage is
approximately 1.2%m which is acceptable from design point of vieMhe elevation of
upperstorage is 384 m above the sea level, whereapdierhousdocation hieght is

179m near the end of the hill.
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the points A and B marked the picture oKing Talal dam

To estimate the amount of electrical energy that can be stored in the proposed PHES
system at King Talal damnintensiveanalysis 6the water balance for the dancluding
the storage volume, inflow and outflow rate volufioe at least 3 yearshould be
performed to guarantee that the water level is available all through a year that will make
the PHES work properlyAs mentioned before the capacity storag&iofy Talal dam is
74 MCM. Figure 3.5 shows the water balance tigrotheperiodfrom 2011 to 201. The
minimum value of storage volume through this period was about 20 MICB&anuary

first of 2011/2012/2013.
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Figure 3.5 Water balancef King Talal dam

By applying the procedure in section 3tBe volume of water that is neededfzerate
PHES system in the candidate locations in king Talal dambe calculatedFor the
rated pumping heaat the proposed sitef height differenc05 mandby using equation
3.1, the rated discharge from themp at rated head @alculated to b®.45& ji .
Assume the pump will be continuously operated for 12 hours, by using equation 3.2, the

required volume of upper storage is 1981 d& .

Now it is easy to expand the system capacity by muitiglthe reaiired rated pump
power by the volume ahe upperstorage that was used to store water for orny\¥
rated pumping power for 12 hours. Assume there is a wind farm with 250 MW capacity
then the volume of thapperreservoir thaneededo store energy for2 hoursis 4.8
MCM. Which is only 24% of minimum stored volume th&inhg Talal dam reached on
first January of 2011/2012/2013. As showrTable 3.2 the area of thirst location is

190.6 p @ and it is a naturdbasin. Additional miner worlat the siteis requiredto



get the depth of 25 mhichis neededor thedesigned volume of 4.8 MChhatcan store
energy of 3000 MWh in daily recycle, and for the second location only 15 m depth will

be needed to obtain the designed volume becaissa itatural bsin andhasalarger area

of 310.4 p Tta
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Table3.2: The specification of the candidate siteking Talal dam

The candidate | Latitude & Projected Height
] Depth (m) _
places longitude Area (O ) difference (m)

32°12'10.91"N Dependent on

Location 1 190667 ) 384-179=205
35°48'11.53"E the capacity
32°12'14.22"N Dependent on

Location 2 310384 ) 384-179=205
35°49'3.37"E the capacity

Figure 3.6 indicates the relation between the expected daily energy that can be stored

in king Talal dam and the volume of upper reservoir which is needed to store this amount

of electrical energy. It also shows the percentage of upgsErvoirvolume tothe

minimum gorage volumeevelin the existing lower reservoidéamn).
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Figure 3.6: Expected daily energy in King Talal dasith respect to th&pper Reservoir
Volume (URV) and the ratio of URV witlthe Minimum Volume Leve(MVL) of existing
lower reseroir (dam

3.4.2 Al-WehdahDam

As shown in Figure 3.7AL-Wehdah dam isan 116m height roller-compacted
concrete gravity dam on the Yarmouk Riatthe border between Syria and Jordais
able tohold up to115MCM of water which is constructed to supgigrdan with water
for both human consumption and agriculturable 3.3 shows the specifications of this

dam.
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Figure 3.7: Al-Wehdah dam

Table 3.3: AlWehdah dam informatiofdordan Valley Authority?2 O 1 5

North of Jordan, at Yarmouk River, AL -Magaren 120 km
Location
north of Amman
Construction 20042006
Type Roller Compacted Concrete (RCC)
Height 110m
Storagecapacity 115MCM
Purpose Irrigation, human consumption

Al-Wehdah dam is alsconsideredo be aSuitablesite toinstall PHESsystens as
shown in kgure 38. Threelocations are identified which hayeoperheightdifference
thatranges from 265 to 27%n and have enough suitable area for each place where the

upper reservoir cabe constructed
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Al-Wehdah Dam P#e

Location 1

Figure 3.8: Candidate locations in AWehdah dam

The candidate locations in tdamareaarenext to theslectricgrid. This should be an
advantage tainimize construction cost by reducing the electrical transmission expenses.
Furthermore, as shown in Figure 3.9 the distance between the upper and lower storage is
varying from570 m to 612m which is acceptable from design point of view. The
elevation ofupperstorage is 349 m above the sea level, wheregsoilverhouséocation

height is 84 m near the end of the hill.
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Figure 3.9: The curve in the bottomraphshows theelevationdifferenceprofile between
the points A and B marked the pictureof Al-Wehdah dam

To estimateghe amount of electrical energy that carcbaverted togravitic potential
energy then stored in the proposed upper reservoir@tekldah dama deep analysis of
the water balance for the dam, including the storage volurtewiand outflow rate for
at least 3 yearshouldbe performed to guarantee that the water level is available all
through a year that withakethe PHES work properiAs mentioned before the capacity
storage ofAl-Wehdahdam is 115 MCM. Figure 3.18howsthe water balance through
theperiodfrom 2011 to 20T. The minimum value of storage volume through this period
was about MCM in 28/10/2011, 5 MCM in 23/8/2012, 15 MCM in 13/9/2013 and 25
MCM in 25/10/2015. The average dadytflow rate is 0.12 MCM. Th&€HES capacity

should be less than 5 MCM which is @amimum record of dam's storage.
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Figure 3.10: Water balance for AWehdahdam

Following the prodecure in section 3he rated pumpip head aproposedsite is
265 m, then by using equation 3.1 the rated discharge from the pump at rated head is
calculated to be 0.3% ji . Assume the pump will be continuously operated for 12

hours, by using equation 3.2, the required volume of upper storage ipl#ad .

Using the same procedure for expanding the system capacity, by multiplying the
required rated pump power by the volumeaupperstorage that was used to store water
for only 1MW rated pumping power for 12 hours. Assumingrénguired capacity equals
to 100 MW then the volume of thgperreservoir that imeededs calculated to bé&.5
MCM. This is only 29.9% of a minimum stored volume tAbkWehdahdam has reached
in 28/10/2011, an@3/8/2012.As shown inTable 3.4 the area of thérst location is
70 p ma , someminer workat the site is requiretb get the depth of 21 m that is
needed for designed volume of 1.5 MCM which can store energy of 1200 MWh in daily

recycle, whereas the second location only 11.8 m depth will be needed to obtain the



desgned volume because it has larger area of 126.&a

is found to be 60p Td and the upper storage depth should be 25 m to match the

required volume.
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Table 3.4:The specification of the candidate siteAlnWehdahdam

. The area of the third site

The Latitude & Projected Area Height
candidate : Depth (m) :
longitude @ ) difference(m)
places

: 32°42'41.95"N Dependent on the _
Location 1 35954'8 25"E 70000 capacity 350-84=266

: 32°43'58.05"N Dependent on the _
Location 2 35°53'24. 83"E 126185 capacity 350-84=266

: 32°42'46.90"N Dependent on the _
Location 3 35°52'33 43"E 60000 capacity 350-84=266

Figure 3.11 indicates the relation between the expected daily energy that staned

in Al-Wehdahdamand the volume aipperreservoir which is needed to store this amount

of electrical energylt also shows the percentage of upper reservoir volume to the

minimum storage volume level in the existing lower reservoir (dam).
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Figure 3.11: Expected daily energy in ANehdahdam with respect to the Upper Reservoir
Volume (URV) and the ratio of URV with the Minimum Volume Level (MVL) of existing
lower reservoir (dam)

3.4.3 Wadi Al-Arab dam

As shown in Figure 3.12 Wadi Arab damis locatedin the northern part of Jordan
valley, about 10 km south of th€iberiaslake and 25 km from Irbid City. The water
arrives partially from the King Abdallah Carthlat draws water from Jordan rivend
partly from precipitation. The water igilized to irrigate aboup @ p & of land

staring from Al Shuna to ABaqura Table3.5 shows its specification.
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Figure 3.12:Wadi Al-Arab dam

Table 3.5: Wadi AlArab dam specificatio@Jordan Valley Authority2 0 X1 5

Location At Wadi, Arab

Construction Construction Completed in 1986
Type Earthill

Height 83.5m

Storage capacity| 16.8 MCM

Purpose Irrigation, Municipal, Hydropower

Wadi Al-Arab damis situatedin terrain whichhasexcellentpotential to construct
PHESsystem One candidate location as shown in Figure 3.13, with a proper elevation
which is about 270 mand hassnoughsuitablearea where the upper reservoir dan

constructed
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Wadi Al-Arab Dam

Figure 3.13: Candidate location in Wadi Ahrab dam

The candidate location in tlimmareais close to theelectricgrid. This should be an
advantage taminimise construction cost by reducing the electrical transmission cost.
Furthermore, as shown in Figure 3.14 tlstachce between the upper and lower storage
is found to be900 mwhich is acceptable from design point of view. The elevation of
upperstorage is 170 m above the sea level, wheregsothherhousdocation height isr¢

100 m) near the lower end of the hill
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Figure 3.14 The curve in the bottom graph shows Hievation difference profile between
the points A and B marked in the picturé/gédi Al-Arab dam

The same method will betilized to estimate the amount of electrical energy that can
be stored intte proposed PHES system at Wadisdkbb dam It is important teexamine
the water balance for the dam, including the storage volume, inflow and outflow rate for
at least 3 years to find out if water level is available all through a year that will make the
PHES work in &fficient way. As in Table3.5the capacity storage WadiAl-Arabdam
is 16.8 MCM. Figure 3.18howsthe water balance through tperiodfrom 2011 to 20T.
The minimum value of storage volume through this period was about 1.6 BICM

November ninth of 2012.
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Figure 3.15: Water balancéor Wadi Al-Arab dam

By applying the procedure in section 3.3, the volume of water that is needed to
construct PHES system in the candidate location can be calciHatdte rated pumping
head at proposed site of 270 m, using equation 3.1, the rated discharge from the pump at
rated head and 1 MW pumping power is calculated to bed0.B4 . Assume the pump
will be continuously operated for 12 hours, by using equation 3.2, the required volume of

upper storage is 14.p ma .

Now it is possible to expand the system capacity by multiply the required rated pump
power by the volume aipperreservoir that is used to store water for onM\lV rated
pumping power for 12 hours. If the system capacity is 100 MW then the volume of the
upperreservoir that imeededs calculated to b&.4 MCM. Which is approximately 87%
of a minimum stored volume th&Vadi Al-Arab dam reached on November ninth of
2012, it is recommended to increase the dead volume limit to 3 MCM instead of 1 MCM

to hep PHES systems work properly. As showr able3.6 the area of thirst location
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is 247 p T , some excavation at the site is requitedyet the depth of 6 m that is

needed for designed volumel#t MCM.

Table 3.6:The specification of the candidatites inWadi Al-Arab dam

The candidate| Latitude & Projected Depth (m) Height
places longitude Area (O ) P difference (m)

: 32°37'55.37"N Dependent on »
Location 1 35°38'41 62"E 247000 the capacity 170(-100)=2270

Figure 3.16 indicates the relation between the expected daily energy that staned
in Wadi AFArabdamand the volume of thepperreservoir which is needed to store this
amountof electrical energyit also shows the percentage of upper resemalirme to the

minimum storage volume level in the existing lower reservoir (dam).
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Figure 3.16: Expected daily energy in Wadi Mrab damwith respect to the Upper
Reservoir Volume (URV) and the ratio of URV with the Minimum Volume Level (MVL)
of existinglower reservoir (dam)
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In summary as shown in TabB6 the candidate location has large area with proper
elevation which means thétis a favorable site but th@ncernhere isthe small dead
volume limit of the dam which is 1 MCMso it is recommend®in the future to increase
thedamdead limit to allowPHES system work in an efficient manner and also expanding

the proposed storage capacity.

3.4.4 Al-Mujib Dam

As shown in Figure 3.17 AWujib dam is situated in WadMuijib, between the
governates of Madm andAl-Karak It is a rolled concretéRCC) dam with abutments
of clay-core rockfill The construction work hafnished in 2004, after six years of

constructionTable 3.7shows its specification.

Figure 3.17: Al-Mujib dam
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Table 3.7:Al-Mujib dam specificatiorfJordan Valley Authority2 O X 5

Location On WadiMujib,100 km south oAmman

Construction Construction Completed in 2003

RCC central section with overflow stepped spillway and zone|

Type
Earth fill Wing embankments

Height 62m

Storage capacity| 31.2 MCM

Purpose Municipal & Industrialsupplyandirrigation

Al-Mujeb dam is consideretb be aSuitablesite toinstall PHESsystemas shown in
Figure 318. Onelocationis identifiedwhich has properheightdifferenceof 511 m.The
location has enough suitable area where the upper reservdie GamstructedBut the

earthlayerstherearemainly basit which may nee@dditionalcost to install the storage

Al-Mujib Dam | =

Location 1

Figure 3.18: Candidate location in AMujib dam
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The candidate location in tlimmareais closeto theelectricgrid. This should be an
advantage taminimise construction cost by reducing the electrical transmission cost.
Furthermore, as shown in Figure 3.19 the distance between the upper and lower storages
is approximately 2.5%m which is acceptable from design point of view. The elevation
of upperstorage s found to be 707 m above the sea level, whereapdiverhouse

location heighis 196 m near the end of the mountain.
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Figure 3.19:The curve in the bottom graph shows Hievation difference profile between
the points A and B marked in the picturefdfMujib dam

To estimate the amount of electrical energy that can be stored in the proposed PHES
system at AMujeb daman intensive analysis of the water balnce for the,daciuding
the storage volume, inflow and outflow rate for at least 3 y&lawsildbe performedo
find out if water level is available all through a year that will make the PHES work in a
sufficient way.As in Table 3.7 the capacity storage &l-Mujeb damis 31.2 MCM.
Figure 3.20Shows the water balance through theriod from 2011 to2017. The

minimum value of storage volume through this period was about 5 MG¥1/2013
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Figure 3.2Q Water balancéor Al-Mujib dam

According to the procedure presented in section 3.3, the volume of water that is needed
to construct PHES system inetltandidate location can be calculatédr the rated
pumping headt proposedsite of 511 m and by using equation 3.1, the rated discharge
from the pump at rated head and 1 MW pumping power is calculated to b .08
Assume the pump will be continusly operated for 12 hours, by using equation 3.2, the

required volume of upper storage is 7p/ Ta .

Now it is easy to expanithe system capacity by multiplying the required rated pump
power by the volume afpperstorage that was used to store energy for only 1 MW rated
pumping power for 12 hours. Assume there is a wind farm 20th MW capacity then
the volume of thepperreservoir that imeededs 1.5 MCM. Which is 30% of a minimum
stored volume thaAl-Mujeb dam reached i8/1/2013 As shown inTable3.8 the area of

the first location is 285.6p ma , someminer workat the site is requireth get the



depth of 5 m that is needed for designed volume of 1.5 MCM which can store energy of

2.4 GWh daily.
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Table3.8: The specification of the candidate site\l-Mujib dam

35°50'24.29"E

the capacity

The candidate| Latitude & Projected Depth (m) Height
places longitude Area (O ) P difference(m)
Location 1 | o 279386N " hegg00 | DePENdeNton  ua; 1 g6-511

Figure 3.21 indicates the relation between the expected daily energgnhae¢ stored
in Al-Mujib dam and the volume aipperreservoir which is needed to store this amount

of electrical energylt also shows the percentage of upper reservoir voluméndo t

minimum storage volume level in the existing lower reservoir (dam).
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Figure 3.21:Expected daily energy in Alujib damwith respect to the Upper Reservoir
Volume (URV) and the ratio of URV with the Minimum Volume Level (MVL) of existing
lower reservoir (dam)

In summary Al-Mujeb dam is the bestiteto construct this storage systemlwordan,
it has a high elevation up &11 m andacceptablalistance between the upper and lower

storages.

3.4.5 Al-Walah Dam

As shown in Figure 3.22l-Walah damis locatedat about60 km south of Amman
city at wadi Al-Wala The damconstructionwas startedn 1999 and finished in 2002
Also, theimpoundmentwas initiated in 30/10/2002As shown in Table 3.9 it iRCC
Central section with over flow stepped spillway and zoggth fill wing embankments

Theobjectives of the dam arffer Industrialsupply; irrigation andrecharge
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Figure 3.22: Al-Walah dam

Table 3.9:Al-Walah dam specificatiofdordan Valley Authority2 0 L 5

Location On WadiWalag0 km south oAmman
Construction Construction completed in 2002
T RCC Central section with ovéiow stepped spillway and zoned
e
P Earth fill Wing embankments
Height 52m
Storage capacity | 9.3MCM

Purpose

Industrialsupplyandirrigation and Recharge

Al-Walah c&amis situatedin a terrain whicthasexcellentpotential to construd®®HES

system One candidate location as shownHigure 3.23, which hasa proper height
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differenceis found to be 131 m, and has enousgitablearea where the upper reservoir

canbeconstructed

Al-Walah Dam

: A
600 m

Figure 3.23: Candidate location in AWalah dam

The candidate location in tllemareais close to thelectricgrid. This is advantageous
regarding theonstruction cst(i.e, reducing the electrical transmission gdsSigure 3.24
indicates that the distance between the upper and lower storage is approxsbatedy
whichis acceptable from design point of view. The elevationgderstorage is found to
be 616 m above the sea level, whereas p&erhousdocation height is 55 m near the

end of the hill.
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Figure 3.24:The curve in the bottom graph shows Hievation difference profile between
the points A and B marked in the pictureAdfWalah dam

The same method will be conductéaol estimate the amount of electrical energy that
can be stored in the proposed PHES system-&Valh dam It is important toexamine
the water balance for the dam, including the storage volume, inflow and outflow rate for
at least 3 years to find out if wea level is available all through a year that will make the
PHES work in a sufficient wayAs in Table3.9 the capacity storage éf-Walah damis
9.3 MCM. Figure 3.25howsthe water balance through tpheriodfrom 2011 to 201T.
The minimum value of stage volume through this period was about 1.2 M@M

9/1/2012
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Figure 3.25:Water balancéor Al-Walah dam

As in theprevious procedure in section 3.8e rated pumpim head at the@roposed
site is 131 m ,by using equation 3.1, the rated discharge from the pump at rated head and
1 MW pumping power is calculated to be @6.7ji . Assume the pump will be
continuously operated for 12 hours, by using equation 3.2, the required volume of upper

storage is 30.2p T4 .

Now it is easy to expanthe system capacity by multiply the required rated pump
power by the volume aipperstorage that was used to store water for only 1MW rated
pumping power for 12 hours. If tleapacity is considered to B® MW then the volume
of theupperreservoir that ieededs 1.5 MCM. Which is 125% of the minimum stored
volume thatAl-Walah dam hasreached ir0/1/2012. To solve this issue there are two
ways: the first is byedwcing the full working hours of the storagsystem, the second
which isrecommeaded by increasing the dead limit volume value of the daih the
working hours is reduced to be 6 hours, then the required volume NGM which is

approximately B % of the minimum stored volume. As shownTiable3.10 the area of
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thelocation is 40 p T , some excavation at the site is requitedet the depth of 18

m that is needed for designed volume of 0.7 MCM that can store 300 MWh dalily.

Table 3.10 The specification of the candidate sites iRV&lahdam

The candidate Latitude & Projected Depth (m) Height
places longitude Area (O ) P difference(m)

: 31°34'29.05"N Dependent on a
Location 1 35°48'31 27"E 40000 the capacity 646-:515=131

Figure 3.26 indicates the relation between the expected daily energy that staned
in Al-Walah dam and the volume of thperreservoir which is needed to store this
amountof electrical energyit also shows the percentage of upper reservoir votortiee

minimum storage volume level in the existing lower reservoir (dam).
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Figure 3.26: Expected daily energy in ANalah danwith respect to the Upper Reservoir
Volume (URV) and the ratio of URV with the Minimum Volume Level (MVL) of existing
lower resevoir (dam)
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3.4.6 Al-Tannur Dam

Altannur damas shown in lgure 327is locatedn Tafila government south of Jordan,
at Wadi AL Hissa. The constructiorwas started in 1999 and completed in 20@&.
indicated in Table 3.11 it BRCC with overflow steppedpillway. The main Purpose of

the dam idor Irrigation.

Figure 3.27: Al-Tannur dam

Table3.11: AkTannur dam specificatiofdordan Valley Authority2 O 1 5

Location On WadiHissal75 km south oAmman
Construction Construction completed in 200
Type RCC with overflow stepped
spillway
Height 60m
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Storage capacity 16.8MCM

Purpose Irrigation

Al-Tannurdam hasa goodpotential to construd®HESsystem As shown in Figure
3.28 two candidate locations are identified which hareper height differencethat
ranges from 340 to 30 m and have enough suitable area where the upper reservoir can

be constructed

Mmlk = _4 '. —' ’ . P, o =

H Al-Tannur Dam %:f' W - L8

| s
| W F

» .

Figure 3.28: Candidate locations in Afannur dam

Thesecondocation situated in basalt mountain and it is a natural basin. The candidate
locationsin thedamareaareclose to theelectricgrid. This is an advantageotegarding
theconstruction costj.e, reducig the electrical transmission chgtigure 3.29 indicates
that the distance between the upper and lower storages fofirdhdocation is
approximately 1.%m. which is acceptable from design point of view. The elevation of
upperstorage is found to be3% m above the sea level, whereaspbeerhouséocation

height is 390m near the end of the hill.
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Figure 3.29:The curve in the bottom graph shows Hievation difference profile between
the points A and B marked in the pictureAdfTannur dam

The same method will be conductiedestimate the amount of electrical energy that

can be stored in the proposed PHES system-agAhurdam It is important teexamine

the water balance for the dam, including the storage volume, inflow and outflowrate f

at least 3 years to find out if water level is available all through a year that will make the

PHES work in a sufficient wayAs in Table3.11the capacity storage @fl-Tannurdam

is 16.8 MCM. Figure 3.36howsthe water balance through tperiodfrom 2011 to 207.

The minimum value of storage volume through this period was about 1.9 MCM

2/1/2013
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Figure 3.30: Water balancéor Al-Tannur dam

Following the procedure in section 3tBe rated pumpim head at theroposedsite is
found to be 349 m, by using equation 3.1, the rated discharge from the pump at rated head
and 1 MW pumping power is calculated to be 0.86%i .Assume the pump will be
continuously operated for 12 hours, by using equation 3.2 the required vofuitme

upper storage is 11.% ma .

To expand the system capacity, multiply the required rated pump power by the volume
of upperstorage that was used to store water for only 1MW rated pumping power for 12
hours. Assume theapacity is set to b£#00 MW, then the volume of thepperreservoir
that isneededs 1.1 MCM. Which is 57.8% of a minimum storage volume thal ahnur
damhas reached in 3/1/2013. As showrTable 3.12 the area dfrst location is found
to be96 p T , additional minework atthe site is requiretb get the depth df1.4m

that is needed for designed volume of 1.1 MCM that can store 1200 MWh daily.
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Table 3.12The specification of the candidate sites irTannurdam

The candidate | Latitude & Projected Depth (m) Height
places longitude Area (O ) P difference(m)
: 30°58'42.53"N Dependent on thi

Location 1 35°44'32 49"E 96000 capacity 739390
. 30°58'30.75"N Dependent on th

Location 2 35°43'50.66"E 31000 capacity 710390

Figure 3.31 indicates the relation between the expected daily energy that staned
in Al-Tamur dam and the volume opperreservoir which is needed to store this amount
of electrical energylt also shows the percentage of upper reservoir volumindo

minimum storage volume level in the existing lower reservoir (dam).

s URV (MCM) s URV/MVL(Dam))|
6 300

5 / >

4 / 7 200 <
g / ’g
O / \D/
=
; 3 o 150 5'
o / =
- >

5

2 100 -

1 50

0 T T T T T 0

0 1000 2000 3000 4000 5000

Energy (MWh)

Figure 3.31: Expected daily energy in Alannur danwith respect to the Upper Reservoir
Volume (URV) and the ratio of URV with the Minimum Volume Level (MVL) of existing
lower reseroir (dam)
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3.5 Future plan

NowadaysJordan has a mini hydro power station in King Talal dam with a 5 MW
rated capacityhichis implementedy the National Electri®owerCompanyAccording
to Jordarvalley authority, Jordanis constantly trying to promotanalternativesolution
to generatelectrical energwtilizing the damsand their expansions in the futuderdan
Valley Authority will conduct a number of studies for the possibility of generating
electricity from the existing dams such asMiijib, Al-Tanour , AtWalahand Wadi A
Arab damsTheseprojectscansave the environment, and keieplean from pollution. It
will also open new job oppourtintiea these futurggower plants once it is completed.
There is astrategic plan to raise the main stge capacity of the dams to 400 MCM by
202Q A number of dambave beeiimplemenedsuch asVadi Kufranjadamin Ajloun,
Ibn Hammad in KarakWadi Al- Karak, Lajjun,andZarga Ma'in damThesecan enhance

the elictcity generatiom Jordan

3.6 Poor opportunity sites

Some dams in Jordamo not have the minimumequirements to establish energy
storagesystem which are the heigtiifference available volume of water, armlitable
areato constructpperstorageThese sitesclude:Ziglab, Karamah, Shuaib andKafrein

dams. Table 3.13 shows the specification for each dam.
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Table 3.13Pooropportunity sites

. _ _ Storage
Dam Location Construction Type Height ]
capacity
Construction
Wadi ] ) ) )
Shuib At Wadi Shuib| Completed in | Earthifill 32m 1.4 MCM
ui
1969
At Wadi Completed in
Kafrein Kafrein 1967, raised in| Earthi fill 37m 8.4 MCM
1997
) Construction
At Wadi _ _
Ziglabe _ Completed in | Earthifill 48 m 3.9 MCM
Ziglab
1967
) Construction
Al- At Wadi ) )
Completed in | Earthifill 45 m 53 MCM
Karamah mallaha 1997

As shown in Figure 3.32 The water balance Zaglab, Shuaib andafrein dams
i ndicates that they dondt h afrequentdyueachthd | e Vv C

least amounkevel of storagecapacity.

As shown in Table 3.13 Afaramah dam has laggstorage capacity. Figure 3.33
shows the water balance analysis fork@ramah dam which indicates that it has good
potential volume storage but the nearby terrain does not have suitable height difference

as shown in Figure 3.34 the terrain around the dimost hasimilar elevation.
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Figure 3.32:Water balance for Ziglab, Wadi Shuib and Kafrein dams
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Figure 3.33: Water balance foAl-Karamah dam



Figure 3.34: Al-Karamah dam

3.7 Chapter summary

Ten dams have been analyzed by studying the geographical nature of the terrain nearby
the dam. Also, a water balance for each dam has been studied to ensure that the water
volume is always available when the dam drawn to minimum level. Table 3.14 ahows
summary of the feasible and not feasible s#esording to the achievement of design

requirements of PHES system.

King Talal, AFWehdah, Wadi AlArab, AFTannur, AIMujib and AFWalah dam, they
all have achieved the basic requirements to install PHESKardmah, Ziglab, Shuib,
and AlKafrien dam, none of them has met the basic requirements to install PHES due to

the minimum available water value and the height difference are relatively small.
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Dam Location Stor?'\gjlcz::/la)pacity Feasible FeI:zitble
King Talal Zargavalley 74 \/
Al-Tannur WadiHissa 16.8 \/
Al-Wehdah Yarmouk River 115 \/
Wadi Al-Arab | WadiAl-Arab 16.8 v
Al-Muijib Wadi Mujib 31.2 v
Al-Walah Wadi Walah 9.3 v
Wadi Shuib Wadi Shuib 1.4 v
Kafrein Wadi Kafrein 8.4 \/
Ziglabe Wadi Ziglab 3.9 v
Al-Karamah Wadi mallaha 53 g
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Chapter Four

Design of a pumped hydro electrical energy storage

4.1 Introduction

PHES systemprovide necessargupport to the electricity grid, assisting to balance
the movement of power across the transmission networks by absorbing unwanted energy
when eletricity demand is low anckleasing it when the demarsdhigh With an ability
to respond almost immediayeo variationsn the amount oélecticity flowing through
thegridPumped st orage i s apoweinetveoik. PplEESrsysternosfaret h e
a reliable gridscale energy storage technologies which can furthermore enable the
countries to developstrenewable energsector In PHES systems, electric energy
convertedinto hydraulic potential energy that cde storeduntil it is needed then
reconverted into electricity. PHES systemare recognized by reversible
pumping/generatiomodes made posbkie by a hydroelectric generating set comprising
a turbine, gyeneratorand an electric pump. In pumping mode, electricity is used to pump
the water into the upper reservoir. In generation mode, the water is reietsdde

bottomreservoirand passestough turbines which are attached to electric generators

I

(APumped Storage | Nat i201R)a | Hydr opower As:¢

4.2Types of PHES

There are twamajortypes of PHES systenas following

1. EssentiaPHESsystem whichdepends totally on the water pumped into an upper

water reservoir as their means of storing energy.

2. Combined PHES, also known as pubgzk power plantgjtilizesa combination of

pumped water and natural stream flow to store/release efi¢agygyel, 2012)
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4.3 Configurations of PHES

There are three main configurations of PHES:

1- Four units: A separate pump coupled tm@tor and a turbine coupled tagganerator

This configuration occupiessignificantamount of space ansd no longe used

2-Three units: A pump and turbine are both coupled to a single reversible
motor/generator. The efficiencies of the pump and turbine captimized and multi-

stage pumps cdoe usedor very high heads.

3- Two units: A reversible pump/turbing coupledto a reversible motor/generatdihis
configuration takes up a smaller space compared to the other two andldwsra
installation cost. However, the disadvantage iishas relatively lowerefficiency
compared to other configuratiaridore than $% of the PHES today in the world are of

this type(Namgyel, 2012)

The PHES system turnaround/cycle efficiensydefinedas the ratio between the
energy supplied while generating and the energy consumed while pumping. This
efficiency depends on both the pumping efficieney X and the generation efficiency

(= ). The turnaround efficiency of any PHES systefh i§ given as the product of

pumping efficiency and generation efficiency i.e.

o (4.1)

The turnaround efficiency usually ranges betweef85%. PHES can be brought
online within 90 seconds and ca& functioning at full power within 120 seconds. It can
also switch from pumping to generation or from generation to puygmpide in 180 to

240 seconds
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4.4 Classifications of turbines

Turbines are usedfor converting hydraulic emgy into mechanical energylhe
hydraulic turbinegre classifiednto two typesjmpulseand reactionln impulse turbines,
there is no pressure drop across the moving blades, whereaactionturbines the
pressure drop divided inthe guide vanes and moving blades. The reattidnnes are
low head high flow rate machines. For reaction turbines, the i®tsurroundedy a
casing (orvolute), which is completely filledwith the working fluid. Turbinesare
manufacturedn a variety of configurationgadical flow, axial flow andmixed flow.
Typical radial and mixed flow hydraulic turbine is Francis turl§ldessian, Abdullah, &

Alimuddin, 2008)

4.4.1 Francis turbine

Francis turbine isuitable for medium heaahd medium dischargdt exists in large
numbers throughout the world. It is applied at head ranges generally fron28bo 60
meters and in power ranges from about 0.25 to 800 MW per luistclassified as a
reaction turbinewhich operate under hydraulic pressure energy and part of kinetic
energy The flowis radial and itis containedn a spiral casingalledvolutethatchannes
the water into the runner. Thelute hasa decreasingrea tomaintain uniform velocity,

towardsthe row of stationary vaneA.sketch of a Francis turbing shownin Figure4.1.

In the Francisturbines two effects cause the energy transfer from the flotheto
mechanical energy on the turbine shhitstly, it flows from a dropin pressure from inlet
to outlet of therunner.This is denoteds the reaction part of the energy conversion.
Secondly, the changes in the directions of the flow velocity vethoosigh the runner
blade channels transfer impulegces.This is denoteds the impuls part of the energy

conversionHussian et al., 2008)
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Fraom Penstock

Stationary
Vanes

Stationary

Vanes Adjustable Runner Scroll

guide Vanes do {u?iute;

Tail race

Figure 4.1: Francis turbindHussian et al., 2008)

4.4.2 Pelton turbine

Pelton isa high head turbine which is classifiedamsimpulse turbinsincethere is no
pressure drop across the buckets. Tow is axial. Water supplied is from a high head
througha longconduit called penstock. The waisraccelerged in the nozzle and the
head is converted into velocity and discharges at high speed in the form of a jet at
atmospheric pressure. The jet strikefielging buckets attached to the rim of a rotating

wheel (runner) as shown in kige 4.2 (Hussian et al., 2008)
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Buckets

Penstock

Figure 4.2: Pelton turbingHussian et al., 2008)

4.4.3 Kaplan turbine
Kaplan is a low head, reaction turbine. The flow is aximKaplanturbine both the

guide vanes and runner blades ad@istable with load thus maintaining high efficiency

4.5Turbine selectionfor case study
At the outset of the desigirocesssome overall requirements of thechine should
be known For a hydraulicturbine, these would include the head required H, the

voluméric flow rate Q, and the rotational speed N

Figure 4.3 illustrates the relation between the total head H (m) with the flow rate Q
(& /s) and power capacity P (MW) of the main hydraulic turbime this work, the
capacity for each set P=75 MW, Q = 2463 j i , and the rated head H = 349 misl

obviousthat Francis will work efficientlyBut this is not enough to make the decision



1000

—— N e e e o e~
"% : : : : ) \‘ : _I‘_ : T T TTL \\
“ T L LI | :
Pelton Turbines \I\ D i
P =S,
;—"‘) '
[ TN NS .
100 e — N I
— - ~ -+
s N = i
£ = <, |
= N |t Ny i
'g i I . \\ |
£ L _ NN
Crossflow N "“QN
\\L [ ﬂ:.
10 P = ™
‘\. ‘\
g S
L ~ Nt
N Kaplan Turbines I
- ) @R
1 NN l N

1 10 Flow (m%s) 100 1000
Figure 4.3: Power capacity P (MW) of the main hydraulic turlsiméth head (m)

A nondimensional parameter called the speafpeed Nss often used to decide upon
the choice of the most appropriate machine. The value of Ns gives the designer a guide
to the type of machine that will provide thermalrequirement ohigh efficiency at the

design conditionlt canbe calculatedby using equation 4.2.

C
CA

T8

Where H isthe headn ft, P the power output inp, andN thespeed in rev/min of runner.

In thiswork whereP =75 MW p &t p ') , H =349 m (1145 ft), then N (RPM)
can be obtained from Figure 4.4 which is a selection chart for Francis turbines that gives

the relation betwen head (m), flow & ji , power (MW), penstock diameter (m) and
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runner speed N (RPM). After matching the values of H, P and Q in the chart, the

appropriate inlet diameter is 1.85 m and runner speed is found to be 600 RPM.

Hydraulic sizing of Francis turbines

0.5 0.75m 10m 1.5%

1000-

20m 30m 4.0m5.0% 100m

¢ % "“' ()

A ‘( “
e

200 150 125 100

Head [m]

1000 750\ 600 500 375 300 2R0 75 rpm

1MW 10 MW 100 MW

10~ . .
1 100 1000

Flow [m3/s]

m Diameter = Speed = Output

Figure 4.4: Selection chartdr Francis turbine@Meier, 2011)
It is possible now to calculate i by substitutingN, P, and H in equation 4.2:

.. 00 ommpT@ p T
U i )
o) ppTuUL

Figure 4.5shows the ranges of specific speed appropriate to different types of
hydraulic turbines As shown the range of Ns for Francis turbine is from-120).

Therefore, Francis will bthe appropriate turbine fanis project.
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Figure 4.5: Typical turbine crossections and maximum efficiencies as a function of
specificspeed A T u r [200B)e s, O

4.6Identification of PHES site for case studyin Jordan

Not only Al Tannur dam hmall the characteristics discussed in Chapter Three Section
3.2,but also itis located close tthe wind farns in the southern regioand alsdulfill s
the geographical requirements of PHES constructions (see chapter three section 3.4.6)
This makes it the bestandidate siteas a case study to design PHES system in this
researchFigure 4.6 shows the topography map for the proposed site where the storage
system will be constructedwhich includes the system components: upper reservoir,

power housgand lower reservoir.
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Figure 4.6: Topography map for the proposed site

4.7 Specifications of storage system's components
The storage system consists of four components: upper reservoir, lower reservoir,

power house and conduit.

4.7.1 Upper reservoir

As indicated inFigure 4 6, the proposed upper reservoir will be towards the top right
of Al-Hima mountain. The mountain has a crest@ m with a suitable storage contour
at 739m. The surface area has a length of 600 m and a width of 2Z8aarea ofthe
upperreservoir thais available is 8 p @ with a dimensions of length8® m and

width 200 m.Figure 4.7, Figure 4.8 and Figure 4.9 show the elevation profile of three
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different paths at the proposed site of the upper resemnich indicates that the siteill
need addibnal miner workon the terrain surfaceand theupper reservoir can be
constructed at the lowest céstreacha depth of 16 m tobtainthe gross storage capacity
of 1 54 MCM. To prevent thedak of water from the reservoir through seepage, a lining

is dso required

|

MG ooglCearth

Elevation From Sea Level (m) I

740Im
% D 94 pinngiE,

200

Elevation From Sea Level (m) =%

Path Distance (m)

Figure 4.8: Elevation profile of second path (brown line)
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Figure 4.9: Elevation profile of third path (red line)

4.7.2 Lower reservoir

As shown in Figure 40, Al-Tannur dam isitelower reservoir of PHE$hat is located
at the end oAl-Hima Mountainat elevation of 390 m above sea level (see chapter three
section 34.6). So, AlTannur dam will servas the lower reservoirThis is a great

economic benefibf the PHES site as thewerreservoir involves verittle construction.

Figure 4.10: Lower reservoir
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4.7.3 Power House
Thepower housevould be locatedowards the end of the water conduit near the lower
reservoir. The power output of the reversible ptiombineis expressedy the following

setof equations, where the symbaise definedafter each equation.

Rated power output from generator

0 7 QQU 1)

C

: Rated generator Powen .

: Rated volume flow rated 7 .

C

: Generator efficiency.

"Q Acceleration of gravity «cfd j i

” . Density of water p 11 TiCIH

As mentioned before the suitable area of the uppmagehas acontour at739 m
above sea levand the minimum water level is set to be 2 noh@ominimum draw down
level of the upper reservoir i2% m (739 m14 m)above sedevel, and therefore the
minimum head is 35 m and the rated head is 349 he effective storage of the upper
reservoir that can be used to generate electricity is there®4&CM (i.e. 480 x 200 x
14). It is proposed to instativo reversible pumgurbinesetswith a rated capaty of 75
MW for eachset By using equation 8, the rated discharge from each turbine at rated

head, rated power output and generator efficiency of 0.9 can be calculated to be
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24.360 | i . The upper reservoir has the storage capacity to generate oatedqutput

continuously for7.7 hours.

In pumping mode, the power required to pump the rated discharge into the upper

reservoir is given by:

o — 8

C

: Rated Pump Powem .

: Rated volume flow ratedr 71 .

C

: Pump efficiency.

"Q Acceleration of gravity «cfd j i

" . Density ofwater p T TO T

It is assumedhat the water leveh the lower reservoiris always maintainedt 390 m
above sea level. Using equati¢h4), the water that can be pumped into the upper
reservoir from thdower reservoir at rated capaciB/= 75 MW averagenead of 32 m
and assuming pump efficienayf 0.9 is20.1 & ji. The pumps can be operated
continuously for9.3 hours.Table 4.1 shows the characteristics of the proposed PHES

system in AlTannur dam.
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Table4.1 The station characteristics ofthroposedHES system

Machine type Reversible pumjurbine unit(Francis)

Overall capacity 150 MW

Capacity of each unit 75 MW

Units number 2 units

Rated head 349 m

Minimum head 335m

Average head 342 m

Generator efficiency 90%

Pump efficiency 90%

Overall efficiency 81%

Rated discharge of generator mode 24.36 & ji Foreach unit

Rated discharge of pump mode 20.1 & ji Foreach unit
4.7.4 Conduit

It is a group of pipes connected with each other extending from the upper reservoir to
the lowerreservoir the total length of water conduit connecting the lower reservoir
through the pumypurbine to the upper reservoir 600 m. Therefore,L:H ratio is
calculated to bd.29 (1500/349)which is within theacceptableangefrom design pint
of view. A number offitting will be required (i.e. elbow fitting, entrance to pipe fitting,

exit to container fitting) that may increase the friction losses through the piping system.
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4.8 Piping design
It is important tomaintainfluid velocities to approximatg 7 m/s, through all piping

connectiorjoints. This is recommendefdr many reasons AiHy dr aul i cs, 0 n. d

1- Friction Loss: Higher fluid velocities increase friction losses (frequently known
as fApressure dropo), |l eading to increas
2- Noise and Vibration: High vetities can lead to increased vibration and noise.
3- Erosion / Corrosion: Fluids have a greater propensity to damage the inside walls
of pipe at high velocities.
4- Hydr aul i c Shock: Al s o0 Hydraulicshock cansausewat er
excessive damage when a lissshutdown suddenly. Maintaining a low fluid
velocity will substantially reduce the impacttbe hydraulicshock.
5- Very high velocity (i. e. more than 1@n/s) can also cause significant cavitation
problem as air bubbleare formedfrom low waterpressureand they would

collapse when entering a region of high water pressure.

4.8.1 Pipe diameter calculation
As mentioned above it is importat talculate the appropriatiameter of thgiping
system, to maintain a volunilew-ratevelocity within the accepted rangés value can

be calculated as following:

1- Identify the designed velocity v (m/s) of the rated volume fiate.
2- ldentify the rated volume flowate.

3- Use following formula to caldate the section area of the pipe.

®

c| &=
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Where: A = section ared ,Q = volume flowrated j i, v = velocity m/s.

4- Since the pipe has @rcular area, the appropriate diameter banobtainedoy

using following equation.

3

For pumping mode, the designed velocity is set to ben#s8and the rateflow-rate

Qis 20.1a | i. After following the previous procedure, the diameter of piping system is

found to be 2.1 m.

In generation mode, volume flow rate is higher than in pampnode, having the

same diameter in both situations which is 2.1 m. Therefore, the velocity is found to be

7.03m/s and it is within the acceptable range.

To be sure about the design characteristic's it is worth to compare it with actual
installed PHES rmund wotd. Table 4.2 shows the technical specifications of reference

pumped storageaions and current PHES design.

Table 4.2: Installed PHES stations in the Miand current PHE@ ianhuangping Pumped

Storage Hydro PlantPower Technology. 2005)

>, c g S E E|S85 |82
= D =) +— =S » = : <} — <} S~
s |88 22 |§egEs~|EE~|28|85Q8FQ
TS §ss 5E 5@\%%%5 SCo|S8|zEEHz2E
" = = £ T — 52 8o~
O < |WQ3a e Q © SICe |Zo
Tianhuangping | 1g45 16 OTU{ 590 | 476 | 588 | 32 | 5.9 7.3
(China, 2001) MW
Ludington 6 op
(USA. 1073) 1872 | ol | 111 258 318 | 7.3 | 6.1 7.6
Current PHES | 150 ZM\>/<V VIl 349 20.1 243 | 21 | 58 7.03




78

4.8.2 Dynamic headcalculation (Head los$
The dynamicheadis generatea@s a result of friction within the system. Téhgnamic

head is calculated using the ba@rcy Weisbactequation(Milnes, 2000)given by:

§©)

Where:
‘O = Dynamic head
L = Loss coefficient.
L = Velocity in the pipe (m/s).

"Q= Acceleration due to gravityd j i

The loss coefficient K isnade up of twelements:

0 is associated with the fittinghat areused in thepipework'’s of the system to

elevatethe water fromower reservoir to upper reservoir. Th¥mlues can bebtained

from standard tables and a total valuethat can be calculated by adding all the
0 values for each individual fitting within the systefhe fdlowing table shows

the calculation oK fittings that have been used in tlnerk. From theTable 43 thetotal

0 value has been calculated and it equals to 7.48.
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Table 43: Calculation ofK fittings( A Fr i ct i on Losses in Pipe
Fitting Items Quantity | L . (vape | Item total
Pipe entry projecting 1 0.78 0.78
Pipe exit to container 1 1 1
Elbow 30 0.19 5.7
Total L. . ( (valge 7.48

0 Is associated with the straight lengthggie used within the system and is

defined as:

Where:
"= Friction coefficient.
0 = Pipe length (m)
O = Pipe diameter (m).

The friction coefficientQcan be found using modified version of the Colebrook

White equation:

Q P 1

s - VY T
"W%

Where:
- = Roughness factqm)

Y '(x Reynold number

The pipe roughness factelis a standard valunat isobtained from standard tables.

Reynolds number is a dimensionless quantity associated with the smoothness of flow of

a fluid and relating to the engrgbsorbed within the fluid as it mové@glilnes, 2000)

For any flow in pipe, Reynolds number can be calculated using the following formula:

=
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Where:

1 = Kinematic viscositya ji .

4.8.3 Total head calculation

Total pump head cdpe calculatedby using equation (4.12) as follows:

U (O] KO) 0 8 0 8 T Eﬁ) C

Where:
"O = Static head (height difference between upper and loegervoirs).
"O = Dynamic head (losses).
0 g = Waterheightin upper reservoir.

0 g = Waterheightin lower reservoir.

It is worth to mention that the total pump headarying when the values af 8

and0 g.are changed.
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4.8.3.1 Sample of calculation

From Table (4.2) Tota) valueis 7.48

Find Reynold number at rated capacity. Where the kinematic varicosity ofjvater

=p8tzp m & ji
‘Y'Q' o
t
VA i Z ¢Pa
ppzp A ji

PCH PTIOOT WQAE O

Now substitute the value of Reynold number in equation (4.10):

T® U
|7 em e ST
o O Y@
@ U

]-l-T,iq)pn V¥ T
X C® pcPpm S

0

TBIMTWE W

0 can be calculated by substituting the value'@fit equation (4.9):

Q0
0O
TI8T TT W @ T T

¢Pa
@80 G
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Then using equation4(.8), the total Kvalue forthe system is:

L U 0
PC X8 Y
p 8

Now the dynamicheadcan be calculated hysingequation 4.7) as follows:

P8 va
G ufip
¢ & a8m

Finally, the total pump head calculatedoy using equation (4.12):

1-first scenario: when the g IS minimum.
0 O © 0 g U 8
ccb &G ma T4

ouda

2- second scenario: when the g is maximum.

cocb q®a pTd@ TA
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3- third scenario: when thi g IS between the minimum and maximum level.
0 O © 0 g 0 8
cob G xa Ta

(o0}: o
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Chapter Five

Power System Modeling

5.1Power system characteristics

As known any power generation system may consistaoibus generating units
including: thermal generating units, wind farms, solar stations. While the operation these
units depend on many characteristithe operation of thermal unidependson fuel
price ($/MMBTU), start cost ($), shutdown cost ($), heansumption rate (MEBTU
/MWHh), operation and maintenance codte operation oWind farms only depersdon

the availability of the wind.

Likewise, there are a many constrains that controlling the operation of generating units

within the power system aslfowing:

1

Max unit capacity

2- Minimum stable level

3- Max ramp rate Up/Down

4

Minimum time Up/Down

For PHESthere is additional constrains for pump/turbine unit:

1

Pump load

2

Minimum pump load

3- Pump efficiency

4

Upper/Lower reservoirs capacity



85

This researchaims to simulate the operation of the practical power systetwo
scenariosvhen wind farms are hocked up without PHES and with inclusion of PHES.
Since the power system includes various type of thermal generating units, wind farms and
PHES with many cestrains. Therefore, this problecan be dealt with byhe Mixed

IntegerProgramming (MIP) problems.

5.2MIP problem

The most common methdd solve MIP problems the Branch and Bound (B&B)
algorithm method The branckandbound method works by finding bettémteger
solutions and also bounding the linear relaxation as it moves through the tree of integer
combinations. Thus, at the optimal solution the relative gap is zero, even though the linear
relaxation and integer optimal solutions to the original prolstegit have quite different

objective function values.

There are two central ideas in the B&B metltbldlier,1986).

1- Branch: It uses the linear programming relaxation to decide how to branch. Each
branch will add a constraint to the previous lineargpiiming relaxation in order to
enforce an integer value on one variable that was not an integer in the predecessor

solution.

2- Bound: It maintains the best integer feasible solution obtained so far, as a bound on

treepaths that should still be searched

If any tree node has an objective value less optimal than the identified bound, no
further searching from that node is necessary, since adding constraints can never improve
an objectivelf any tree node has an objective value more optimal thaidémified

bound, then additional searching from that node is necessary.
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5.2.1 PLEXOS Software

An academic version of PLEXOS fBower Systems, is used in thesearchwhich is
a simulation software foenergy market analysis. PLEXQstriedandtrue simulation
software that uses stapé-the-art mathematical optimisation combined with the latest
data handling and visualisation and distributed computing methods, to provide-a high
performance, robust simulation system for electric gowater and gas that is leading
edge yet open and transparent. PLEXOS meets the demands of energy market
participants, system planners, investors, regulators, consultants and analysts alike with a
comprehensive range of features seamlessly integrateogrie] water, gas and heat
production, transportation and demand ovel
of years, all delivered through a common simulation engine with-teasse interface
and integrated data platform. PLEXOSare ofthe fastes and most sophisticated

software availabletodady A Ener gy 22X/ mpl ar , 0

PLEXOS for Power Systems integrated with fastesnathematical programming
solvers such as MK, XpressMP, CPLEX and GROBI. In thisresearcht MOSEK
solver is used since it is included in the academic package license of the PLEXOS

softwareand has the ability to solve MIP problem

5.3Practical system data

All the power model data sbtainedfrom NEPCO

5.3.1 Defining the conventional units
The simulated powesystem willconsistof all conventionagenerating unitgr Jordan.
The details of theonventionabenerating units of the practical power system are given

in Table 5.1 Thermal generators are modeled by defining their maximum/minimum
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capacity ramprates, start cogits initial status (ON or OFF), and number of hours the
unit has been ON or OFFhe characteristics of thermal generators are obtained from

NEPCO.The fuel cost of all thermal units was based on the fuel cost forecast of year

2017.

Tale 5.1:Generating units of practical system

Available | Minimum
Plant name Unit # Type of unit capacity capacity
(MW) (MW)
Samra (1) 2 Combined Cycle 150 115
Samra (2) 2 Combined Cycle 150 115
Samra (3) 2 Combined Cycle 210 120
Samra (4) 1 GasTurbine 146 50
Amman East 2 Combined Cycle 185 120
Amman South 1 Gas Turbine 30 20
Qatrana 2 Combined Cycle 190 120
IPP3 38 Diesel Engine 15 0
IPP4 16 Diesel Engine 15 0
Risha(1) 3 Gas Turbine 30 20
Risha (2) 2 Gas Turbine 30 20
Rehab (1) 2 GasTurbine 30 20
Rehab (2) 2 Combined Cycle 135 90
Hussein 3 Steam 60 25
Agaba Tharmal Station (1 2 Steam 120 55
Aqgaba Tharmal Station (2 3 Steam 120 55
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5.3.2 Defining wind farms

The power systerm this work will simulate the scenario of addiri200 MW of wind
power to the electrical grid in 2020 with and without PHES actual hourly wind speed
datawhichis collected from Tafila wind farm will be used aseferencgercentagéor
the rating factarFigure5.1 shows the hourly data for Tafilaind farm with 117 MW

total capacity.

[ wind Farm, Generation (M)

Figure 5.1: Hourly power data for Tafila wind farm

5.3.3 Defining PHES

Different PHES capacities will be compared economically in tégearch PLEXOS
softwarerecognizes the Gen/Pump machine through spediicacteristics ashown in
Table5.2 Also, as shown in Table 5.3 and as shown in Tableibtdcognizes the upper
and lower storage by max capacity (GWh), initial capacity (GWh) and minimum capacity

(GWh).



Table5.2: Entry data for PHES units
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Table 5.3: Entry data for reservoirs capaoityt50 MW PHES
Max Capacity Initial Capacity Min Capacity
(GWh) (GWh) (GWh)
Upper Reservoir 15 0.5 0.19
Lower Reservoir 16.8 5 2
Table 5.4: Entry data for reservoirs capacity of 300 MW PHES
Max Capacity Initial Capacity Min Capacity
(GWh) (GWh) (GWh)
Upper Reservoir 5 0.5 0.19
Lower Reservoir 16.8 5 2
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5.3.4 Defining load data
Actual hourly load data for Jordan in 2D used for practical system, it has a peak of

3250 MW as shown in Figurg.2 A sample of data can be found in appendix B

@ ri.Load prw)

Figure 5.2: Hourly Load data for Practical system

5.3.5 Transmission Line Losses
All the generators and the loads are considered connected to theaienehichmeans
that the transmission system losses anddor@estions are ignored in teenulation of

the practical system model.

5.4Test system data

The modeling of a simple test system consisting of delynits is conducted for the
purpose of giving an idea how the software solves the given optimization pratiiem.
test system modeled for this purpose ¢sissof, base generator 1&2liesel generator
Lower efficiency generatotHFO), wind farm and a PHES unit. The details of the test

system are given in Tabf5 below.
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Table5.5: Generating units for the test model

Base | Base |Diesel | HFO | Wind
Units PHES

Gen1l| Gen 2| Gen Gen | Farm
No of Units No. 2 1 8 1 1 3
Max Capacity MW 110 80 15 120 | 117 | 234
Min Stable Level MW 80 30 0 30 - 10
Heat Rate MMBTU/MWh 7 7.10 8.6 10 - -
Max Ramp Up MW/min 7 7 5.5 11 - 23.4
Max Ramp Down MW/min 7 7 5.5 11 - 23.4
Min Up Time Hrs 6 6 1 6 - 0
Min Down Time Hrs 6 6 1 6 - 0
Start Up Cost $ 7300 | 7500 0 5200 - -
O&M Cost $/MWh 0.12 0.1 12 0.13 - 5
Pump Load MW - - - - - 23.4
Min Pump Load MW - - - - - 10
Pump Efficiency % - - - - - 81

5.4.1 Defining wind farm

Figure5.3 shows an etual wind power datéor one year thahas been collectefilom

Tafila wind station which has a rated capacity of 117 MW. Power data will be used in the
test system to evaluate the negative impact on the power grid during off peak period.

sampe of data can be found in appendix B
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[ wind Farm, Generation (M)

Figure 5.3: Hourly power data for the wind unit

5.4.2 Defining PHES unit

Three units of reversible purtprbine with a rated capacity of 23.4 MW will be used in

the test system. The routip efficiency of 81 % isused which is within the globally
accepted efficiency range of 75% to 85 %. The upper reservoir has a maximum storage
capacity of 0.8 GWh and its minimuremnissible storage is 0.15 GWFable5.6 shows

the characteristics of PHES unit.

Table5.6: PHES etry data for test model
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5.4.3 Defining load data
As shown inigure5.4real hourly load data of the south region iL2& used in the test

system. It has a peak of 350 MAid a base of 150 MW.

O Rr1.Load vy

Figure 5.4: Hourly load data for test model
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Chapter Six

Results and discussions

6.1 Test system model results

In the test system three cases have been simulated which -agoniientional
generation without wind farniGas only) 2-Conventional generation with wind farm
(Gas+Wind) 3-Conventional with wind farm and PHES is includ&hs+Wind+HPES)

The simulation was ruaver a time horizon of one year with an interval of one hour.

PLEXOS software can recognize the wind podetiathroughtwo methods which are:
inputting a max capacity MW and rating power MW, inputting max capacity MW and
rating factorl00% Throughthesemethods, the wind power can be cuadiwhen there
is more power and the demand side is Ithvit is necessary to make wind power data
constant as inputted, it is possible by using fixed load progdrgrefore, a dump energy
can be easily observed tlugh the period that has rich wind power along with low

demand (off peak).

This test system model aims ttarify how PLEXOS solvesa given optimization
problem and also to show where the dump energy staagtear. Therefore, the hourly
wind power datavhich has anaxmum capacity of 117 MWhas been useitirough two

methoddixed loadand rating power

6.1.1 First case: conventional without wind & PHES(Gas only)

In this scenario, only conventional generators are operatfedfitathe demand side.
It is thenormal situation without wind farm or any storage. As showFigare 6.1 and
Figure 6.2the generatiowurvedramatically matches the loadirve This indicates that

the dump energy is zero since all generators follow the demand load smoothly without
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any sudden change. Tabl.1 gives the region data including summation of load,

generatioranddumpenergy over the simulated year.

Table 6.1: First case results (Gas only)

Property Units R1
Load MWh 2134415.30
Generation MWh 2134415.30
Dump Energy MWh 0
Region
360
o d
320
300
g 0
5 20
S 40
&
220
200
180
160
D
140
160 180 200 220 240 260 280 300 320 340
Load (MW)
O r1

Figure 6.1: Results for Load and Generation
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340 340
320 320
300 300
280 280 g

g 260 260

E 240 24D
220 220
200 200
180 180
160 160
140 140

February 2015 May 2015 August 2015 Movember 2015

| @) rRitosdvw) ([ R1.Generation Mw) ]

Figure 6.2: Generation and load through one year horitmrihe first case

6.1.2 Second case: conventional and wind without PHE8>as+Wind)
The ®condcasehas the same characterist@isthe first case but nowm afila wind
farm has been hocked up to the power system by wvsaidpnourly data for one year. This

scheme is still running without any storage system.

In thefirst scenario as indicated Figure6.3after using the wind data as a fixed load,
the geneation and loaadturvesdon't match each other so there is a dump energy appears
in certain periodof the low demandbadthroughthesimulation time horizon of one year

as shown irFigure 6.4.
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@ ritoad vy [ R1.Generation (MW)

Figure 6.3: Generation and load through one year horimrithe second case

| L)

@ ritosd vy [ R1.Generation (W) [ R1.Dump Energy (MW)

Figure 6.4: Dump energy within low demand period

Now by executing the solution over one weak period the dump eocangye observed

clearly. Figure 6.5 shows the relation between the deméodd) and the dump energy.
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It is obvious that theff-peakperiods have theajorof dump energy. And that gives an

indication about the mess matching between the detoaddand wind generation load.

Region

Dump Energy (MW)

Load (MW)
R &3228 88E88

12:00 AM 12:00 AM 12:00 AM 12:00 AM 12:00 AM 12:00 AM 12:00 AM
3114/25 3/15/2015 3116/2015 37205 38,2015 3/18/215 3/20/2015

[ Ri.Dump Energy (Mw) () R1,Load (MW

Figure 6.5: Dump energy with the demand load over one week

In the second scano, the wind data was used as in the essential methods that mentioned
before(i.e. max @pacity MW and rating power MWhax capacity MW and rating factor
100%) The summation of wind power data was 369.7H3 afterexecutinghe model

it is curtailed to be 353.4 Gl The curtailed energy approximately equals to dump

energy inthefirst scenario after using the wind data as fixed load.

6.1.3 Third case: conventional and wind with PHES(Gas+Wind+PHES)
Third casehas the same chataristics in the first and second cageit now with
inclusion of PHES unit. Conventional generatord asay beknown have two limits of

operation capacity which atbe maximumavailable capacity anthe minimum stable
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level. Within low demand periodynly base load generators will be operated with capacity
near the minimum stable levet operation. In casthewind farms are connected toe
power system and there is high potential wind power witherlow demand period (off
peak, this can adversglaffect the operation of base load generators since they can't
operate below the minimum stable level. Therefore, wind generator units may tcurtai
avoidthe problems resulting from excess energy in the electricalagrckplainedin the
previous sectin. When PHESs hocked up to the power system, it can absorb all the
energy thats generated during off peak periofdlem the uncertai sources such as wind

farms.

6.1.3.1PHES operation with a price

PLEXOS software optimizes the operation of PHES unildyyendingon the energy
price. This can be done by pumping water itt®@upper reservoiwithin the low-price
period and releasing it throughe high price period. Figuré.6 shows the operation of

PHES with respect to the energy price for one week.
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Figure 6.6: PHES operation with price

6.1.3.2PHES operation method
Inclusion of the PHES unit into the power systalong with wind farmsan reduce
the generation from expensive dieseloil units andinefficient units, while increasing

the generation frontheap natural gas unigd increasing wind integration level

In the first scenario (without PHESYhe operation of conventional mgrators is
highly dependent owind generation. Since wind is uncertain power sourds,vhl
affect the ramp rate ofdse and peak generatore the second scenario when PHES
starts to operate along with the power system, a significant change on the behavior of the
whole system can be observed. PHES incretdmegeneration from the high efficiency
generataos at off pe& periods and reduceshe generation from inefficient generator by
peak shaving at high demand period. TahRshowscomparison okystem operation
between the two scenarios. Table 6.3 provides the total pump load and generation for

PHES unit over the simulated year.
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Table6.2: Summation of generation over one year for two scenarios

Generator Generation
(GWh)
without PHES with PHES

Base Gen 1 1584.36 161379
Base Ger2 167.77 146.07
HFO Gen 17.98 11.75
Diesel GEN 10.79 1.36
Wind Farm 353.47 369.71

Table 6.3: Total Pump load, Generation and net generation for BRES

Pump Load (GWh) 44.9
Generation (GWh) 36.5
Net generation (GWh) -8.4

6.2 Practical system results

The simulation for the practical power systsnexecuted for two scenarioBhefirst
scenario is including thermal generating units and wind farms without PHESecond
scenario is including thermal generating umitel wind farms with PHES. The second
scenario has been run thigh two different rated capacitie$ PHES (150 & 300) MW
to compare the increased in wind power integration for each capacity and make the

decisionas shown irTable6 4.

For all thescenarios, the matiwas configured to undertake oyear of optimization
that isstartingfrom January2015to Decembe®015 with hourly intervalsof (8760 hour)

andone week lookaheadperiod of one hour resolution. The simulatispproceeded by
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solving these steps ihronological sequence. The model was solved by using the
MOSEK solver with a relativggapof 0.1 % and the maximum time for searoh250
secondsThe executed time for each scenario was about one Hotably, this model is
solved with the optimal unit commitment method. Thereforeekoess energy generated

by the wind farm is going to be minimal despite the actual scenario.

As shown inTable6.4 the model has been run with two different capeasof PHES
unit. One of 150 MW and the other of 300 MWhe 150 MW capacity of PHES uni$
found tobe the optimal size for th#200 MW ofwind integrationlevel The increase in
energy recovergoesnot exceed 8.9 GWlor the case of 300 MW (i.e. e case of 150
MW the energy recovery is 31.29 GWh while in the casg06fMW the recovery is 40.1

GWh

Table6.4: Increasing of wind integration level

. Wind Integration Level Increasing
Scenario
(GWh) (GWh)
Without PHES 3742199 -
PHES150 MW 3773.497 31.298
PHES300 MW 3782.493 40.1

6.2.1 Mismatch between the demand and the wind generation

The hourly average for the demand load and the wind genenatimndarhave been
analyzed. Figuré.7 shows that the ofpeak period is extend from 1 AM to 6 AM and
Figure 6.8indicates that the average wind generation has maximum level within this

period. This willlead tocause problem of balancitgtween generation and demand
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load within this riod unless the PHES systas utilized. That is the key role of using

such system to store the excess energy within low demand period.

Hourly Average

0 2 4 & B 10 12 14 16 18 20 22 24
Hour

Figure 6.7: Load hourly average

Hourly Average

0 2 4 6 8 W0 12 14 w® 18 A 2 M
Hour

Figure 6.8: Wind generation hourly average
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Figure6.9 showsthe behavior othe PHES operatioim the pratcal system with the

generated power from the wind farms.

Generator Category "Wind Farms"/Generator Category "PHES"
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D Wind Generation (MW) ‘ PHES-FUTURE Met Generation (MW)

Figure 6.9: PHES operation with wind Farms in the practical system

6.2.2 Operation method of PHES in the practical model

PLEXOS software optimizes the operation of PHES unitldgyendingon the energy
price and the excess of energyhis can be done by pumping water itte upper
reservoiwithin thelow-price period and releasing it throuite high price period. Figure

6.10 shows the operation of PHES with respect to the energy. price

Figure 6.11 also indicates the perioaf pumping mode and generating mode with
respect to the load demand. The PHES will operate as a pump only in the low demand

load period while operating as a generator in the high demand load period.
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(@ PHES-FUTURE Met Generation (MW) I R1.Brice ($/MWh)

Figure 6.10: PHES operation with price in practical system

() PHES-FUTURE Net Generation (M) [ R1.Load paw

Figure 6.11: PHES operation witdemand loadh practical system
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Figure 612 shows the changing in the storage capacity (GWh) of the uppervoir
(Head)andthe lower reservoi(Tail) while the system operatin§he upperreservoir as
mentionedbeforeis operating between the maximum storage capacity 1.5 GWh and

minimumstorage capacity @f.19 GWh.

Generator Category "PHES"[Storage

H I_H H_ﬂ H |

—
—

2 g
3

&

H

8

PHES Net Generation (MW)
=

=
Head & Tail Volume (GWh)

|_
150 5| L] L]

[LIXLI] 00:00 [LIXLI] 00:00 00:00
17172015 1/2/2015 1/3/2015 1/4/2015 1/5/2015

(=T & B FU I L - I - - -]

(O PHES-FUTURE Net Generation (MW) [ HeadInitial Valume (GWh) | Taillnitial Volume [GWh]

Figure 6.12: Changing in the capacity of the Upper/Lower reservoirs

6.2.3 Dispatch results

As indicated early in the test systanglusion of the PHES unit into the power system
along with wind farmsreduces generation from expensive diesel and oil units or
inefficient units, while increasing generation from the cheap natural gas amdts
increasing wind integration level. Figuel3 showsa comparison between the value of
generatedpower thatis suppliedto the grid from IPP4tation which containgliesel
generatordor the twoscenarioswith andwithout PHES As shownin Figure 6.13the

generation from dieseinits has been reduced when the PHES is included.
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(O Dies=! Engine#16,Generation (M)

B PHES-FUTURE Generation (MW) [ Diesel Engine#16,Generation (M)

Figure 6.13: Generation of IPP4 for the two scenarios

Table6.5 shows the generated power from all uitshe whole practicalmodelfor
the two scenario®s indicatedthe wind integration level is increased after the PHES is
included in the second scenaridhe generation from the high efficiency units bagn
increased in the offeakperiods while the generation from the low efficiency unitas

been decreased ihd peakperiods.
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Samra (), Samra (2), Samra (3Amman Eastand Qatranathese stations have the

best efficiencyand have the lower generation ceasttheir generation is increased.

AgabaThermalStation (1) AgabaThermalStation @), Rehabstation(2) andHussein
station, all thesestations havdow efficiency so their generation is reducédP3and
IPP4 are diesel generatothat have higher generation cost ahajher operation and

maintenance cosso their generation is reduced

Table6.5: Powergeneration for the two scenarios

Generation
Plant name Unit# | Type of unit (GWh)
V\F’fﬂl‘ggt With PHES
Samra (1) 2 Combined Cycleg 1959281 2030.662
Samra (2) 2 Combined Cycle 1723463 1794.227
Samra (3) 2 Combined Cycle 3478637 3503.839
Samra (4) 1 Gas Turbine 237419 173.962
Amman East 2 Combined Cycleg 2710418 2790.402
Amman South 1 Gas Turbine 0 0
Qatrana 2 Combined Cycleg 3256514 3267.841
IPP3 38 Diesel Engine 44.068 15.634
IPP4 16 | Diesel Engine | 185.824 109.429
Risha(1) 3 GasTurbine 0 0
Risha (2) 2 Gas Turbine 0.060 0
Rehab (1) 2 Gas Turbine 0 0
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Rehab (2) 2 Combined Cycleg  989.798 986.980
Hussein 3 Steam 392.504 330.761
Agaba Tharmal Station (1) 2 Steam 14.018 7.237
Aqgaba Tharmal Station (2) 3 Steam 22.565 20.929
PHES - - - 226.012
Wind farm s - - 3742.199 3773.497

Table 6.6 provides the net saving in the total generation cost when the PHES is
included. As indicated in the Table the annual total generation cost is reduced from

1015.919 million $ to 1008.682 millionwith a net saving of 7.236 million $.

Table 6.6: Total generation cost

Annual Total Generation
Scenario
Cost (Million $)
Without PHES 1015919
With PHES 1008682
Saving $ 7.236

As shown in tablé.5 the savingn total generation costasbeen achieved through
increagng in the wind integration level from 3742.199 GWh to 3773.4GVh,
increasing the total generation from the combined cycle units which have a higher
generation efficiency (i.e , generation by Samrat&ion has beenincreagd from
3478.637 GWh to 3503.839 GWhhe reduction of the total generation by the lower

efficiencyunits (i.e, generation by Husseatationhas been reduced from 392.504 GWh
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to 330.761 GWh) and the reductiohthe total generation energy by the diesedine
units which have a higher operation and maintenance cost and higher fuel cost (i.e, IPP4

station has been reduced from 185.824 GWh to 109.429 GWh)

Figure6.14 shows the total generation ca@std wind integration levedn a monthly
basis of thepracical system for théwo scenariosThe inclusion of PHES unit into the
systemresults in reduction in the overall generation cast increasing the wind
integration levelover a period of one year. As shown Rigure 6.14 the saving in
generation cost depds on the wind generation and demand |G&ae. months which
have higher wind power with lower demand load wiikea significant reduction in the

total generation cost as in months from January to May, November, and December.

[ R1.Total Generation CostGas+Wind ($000) [ R1,Total Generation Cost PHEST50MW ($000)

[0 wind Generation,Gas+Wind (Gwh) Il Wind, Generstion PHES150MW [GWh]

Figure 6.14: Total generation cosind wind generation on a monthly basis
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Chapter Seven

Economicstudy

7.1Introduction
The objective of this chapter is to providestudyrelated to the economic evaluation
of connectedPHES topower gridsystemalong witha largeintegraion of wind energy

in Jordan.

Sincethere isno enough information abolRHES costsEconomic analysis cabe
characterizedy projecting the economic analysi$ one of similarinstalled projects
around the wadd thatincludes the consideration of capital and operatiomghtenance

costs.

7.20verview of PHES cost

Notably, PHESsystemsre particularly cost effective at sites having high heads (large
differences in elevation between the upper and lower reservoir). giénginer head
requires less volume of water tot the samamountof energy. Thereforgesulting in
smaller reservoir sizes, reduced civil works, smaller ptunbine, motoigenerator size

and hence loweanvestment costéHayes, 2009)

PHESproject development costs are difficult to characterizéerm oftypical costs
becausat depends on the site conditioi$he L/H ratio is a simple ratio used to measure
the initial viability of a pumped storageoject in siting level studies. L is the length of
the waterway from the intake structure to the tailrace outlet and H is the gross head
available for energprojects Project sitevith an L/H ratio under 1@an be considered a
promisng pumped storage projesince bwer ratios will have lower cost irerms of

specific cost os/kW (Hayes, 2009)

















































































































































































