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aguall sl (il {natho
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duwidl walaalllg plall jUb U

daluiag a5 yrdall duzi)l Ll OA:2022J3'9| REEwA]
a3l plassdl lgs 489 olac] delyig dyizdl
ALz Y dadleall Lauall el sl oo il slasl
i d Jlad Gilasag odl 3520l dehy3l

anls 1.1

3 achyillg aleal] 3lall syzal s lioll ¢ lair ¥l a2
4oyl ly3g0 Lslall algall £1)35 38 g 2022 piliy
Lgins oya Aalisio ile g 9a Yoo S e Ao gana
ely3t) ayaalanl 5ot oluall 3 9o plasisl

oloall gozuall dn,d )y &S niiall dudll Linnlll el
1951 b ate sl gelaza| 3 (HLJTO) ae 3l

.'i,;}ajlaah;mqélcb}ngéswoﬂf

dlanses Luoaihyzwl Olg> g3 g il lual 489l padd
Tlac o) Aty 55 Blasl) yaTl plasizwilly Blas
sl 3t

glhi 2.1

ol il gl aag3i 50 48,5l 03 e Dyl
Slaglually Laalwdl olaglaally g ydaill g gunall

Olga gl Ly 3138 310 dayl ooty obillg
alasiadl gLty Raa 8l Ol 2wy Llduall
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dganll slgallg ALE oleally ig eloglls
2319 3lly @501 OB glally ol sl Sliss
well3 ) Log H2Sg NH3 Blnlg dgnsd!
MNoally Lol LB o liall 51945 aems 433 baig
Mlaﬂlobwdb‘upiusus.adl
J;Lu.u-ISu:.I_UM ¢ Uniill sy ol L Zaiaall
ol dpall oles Blax awdg Blasdl o el
gl dulall slgally Lin ] (treated sludge) dttaall
EYT-EY] 5_\1.;! Jln.b J}' oo el 2as {biosolids)
Olilgusdly ot dowe g ! Gl g plitue
a9l oY o4 axl) B39 Blasl Sz 2N
" Liad e e)s 3 slad EEC/T5/442 8 y ooyl
Slsd Lle Jsandl a1y laaze ,o81 Lle olblast 425
ol plad el pLall aie ah Lo gg (@ucdy)
ager e B3tony Ll Lazgss Jeotonal] a2l 252
WL dadlaall slastl gg53 (Doula et al, 2017) dtadl
LI yolic g (stabilized) &5 ua L5808 Bsla e
Aaclyy dagd Ol gd Ml «(Mgg Cag Ky Pg N oD
Slasdl 3 5a9>gall a3138ll yoliall plasie! Kos
o 5343 LIt g SULA g b slansS olaly
EC, 2001; Pasda et al., 2005; U.S) delyill Joolnall
{(EPA, 2023

SPE LYl dasse 5595l paells gag

aemr gl Yoo oy e p il jlol sasy sl
1911156 &snall azipy EEC/T5/442 S Uy
Byl slas y25 Loy EEC/86/278 olgan g2l EEC
aleall &ylas L2y EEC/91/6765 0,31 Lle ol
5 <das il yolaall o Slyaill e @ lll Ziglall oa

of 4321 393 &aal e Mis U.S. EPA/625/R-95/001

Gyl olps Gl laomal _uess)l 595100 prtiall
ol 4.3y Babe o _allg (sludge) slasl ga sl
aattall ddall lgall s dglle Eed e g0 (slurry)

852 sall Pl Lulaall slgall (1) cyo Blasdl 2123] oty

dbasa | J5a3 L3l sl el b pall ols

s illy (WWTP) owal 5 pallolo dnllne

a8 g Bl dyguadt dl..ﬂ1dn(2)5;u9ﬂ|oh>..ll
Hasﬁgwlwmw A5l Oloviiall ax!
2385 y31-2 \:,Mp ztol pzs. Qg slasdl o
oL_,.aZL?JLulhz..n&onS)A]IST.uJ[QaUa:LﬁJQ
200 )] 100 Ms> Jizus Ll uslf mall 5yl
030 By1o] ol camlgll Lokl el Byl olis oya 53l
dallas whila o go3l ptte o il Lbal Lt
o oy 3410 g Aylal) Saina sl Byl olua

IS 1l g onn ey el aldlg Jidlg danllanall
Ssimally Lolpa¥l Sloauag ALl alaall o ol
atad] Ol ) Lghazal Uilg gl sy s Lol

0 5541 52 Bysgalt Blasi iyl asy g Jganal

M&L&Jb!pﬂiby@logwfww

3ol 35309 ALl vl Byl oleo dadlas

95% _J] g il sl all algzna ) Blasul

a2l oSl saal yazueall gadl sz gBINl B3

a8 58 I8 033 lasdl DS 16 sl

omall 3 yalfoln dalas Sllas) Eilgd laciial

B33l puby

g 3lasJl 3 315] Aulan) dud )l Ll Yliaihh

(S S lalginn poany g5y Blasdl @ ¢
dnog Ale lgia palsiall tp Il

Sglall ) slasdl e pludl sk el ga5aad o
llally dyylly slall alas <3 B oy o 2!
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Gupyoll ddhiall i dcl)Jll i dlasti Golll phasius]

Waste Framework Directive) (2! sppmuml gf)
S skl ugs (issued by the EU, 86/278, EC
s 951 puziaS jptazall 130 o sl Byl la
LS sy aie 53liz

¥l Ot lazallg Slllazally Tlto! duly )l @sg
o039 placuall slasiiad! Bale] o o) b 353155 cazrlgll
Jol 3 auelyil dsall 3 vall S pall lasd
Olarg bl Gaidaig £L] 53950 ya . datsall
angg elidly 13 alasanndl ale] Gblis 1oyl Dilgaly
Gt aslandl Jle Blasdl 121 e gadnll

1359 .(Doula et al., 2017) Ll=ls layasny ¥ 1591 e
cqggjg'gl e i &GJJLQ.“ EEC/86/278 P:Q_) d._._:-s:ﬂ
plastl die T Wlaldy] gL & 51380 le v
Gyl g se5 caiantd slawS el byl Blas

e Blisdl ge ylasll olsadly blg,allg Silally
2y 942 Ad gl slually Loadnidl olually &yall Bagr
L2 7900 dudl polno Aagn 1383) Basowa 1392
ellg Sl Gabu 955 55 1y Ayl

ole 2 Sl 385 4l A2pa0d! Olsazonall Lo
po 3351 Loy cdalasizal ;Koo 3390 gl plasiiut Bake
SLlad! 385 Ladd . dolazwdl Lolalls Lalall Bluadl
& S 533 of g3l spasdll e oy¥1 e
el y3l 540t 39 g O] Yol aolylas il w3

BTy

AN




aloall

u:-..a” J_,.di PU::J ty -(4...:.1..4 91 d.Jy.o) o.\)fsﬂ

Juascllonlana) Lalall alaig Liloiis ol dnazas)

ol (e ) Log (SRT) slasl &5%a sac g ciddaall

asdleall

dloall 8agag dloall ggi 3.1

dlall galt 3,555 oly Blasdl Ll elall Iy

a0 jatlaslDlaly 591 e Sale B!
of 291 padgandl b doud 9o Slasl g1l hlasial
L 915355 1R Jolgall o IS 3T Blacl 1S
b tuall laanll 33020 g 3) G gl gaddl dnllall

d.'x.a.” B pallolea dads {53133 Lo glow SlueMa

slaall oo dalido glgill a.ul.l].l.ﬂ." Jilnall .1 (Jgaall

nigesubiuty”'ﬂf;,
Other physlcal (Amenabillty toiy
properties further bicloglcal y
"~ stabilization) ;.J
Primary . Extremely R
sedimentation Grey Slimy offensive Readily digested
Chemical - | Slimy, gelatinous, S Slower rate
precipitation ?L;ct ;’:ﬁg:rface i gives off Offensive than primary
(primary} 9 considerable gas sedimentation

Brown, dark if

Inoffensive, earthy

Activated sludge : Flocculent when fresh, Readily digested
nearly septic putrefies rapidly
. T Relatively
Trickling filter - i Ao oo inoffensive, I
humus : Brownish Flocculent decomposes Readily digested
: slowly
; Inoffensive if
Contains a very
; Dark brown te . thoroughly .
Digested sludge black laarge quantity of digested: like tar Well digested
9 or loamy soil
. : Offensive {H25)
Septic tank sludge | Black h ) unless very long Mostly stabilized
. B storage time
Source: Loehr and Jewell (1979} cited in Polprasert and Koottatep(2012)




1M augpell ddhioll a dachjll o dlantl GoBl plasiw 1

aalisn Ladig cildac glgil go axilil alonll clabg ddljpall gaitaall digaill wilill .2 Jgandl
yanll @dynll elo dxllaal

Specific Specific Dry sollds. kg/ 103 m3
Treatment operation or process gravityof  gravity of ’ T
solids sludge

Primary sedimentation 14 1.02 110-170 150
Activated sludge (waste biosolids) . - © 125 1005 ~ 70-100 80
Trickling filter (waste biosolids) 145 1.025 60-100 70
Extended aeration {waste biosolids} : 130 . Ld15 ' 80-120 100a
Aerated lagoon (waste biosolids) 1.30 1.01 80-120 100a
Filtration 120 1.005 12-24 20
Algae removal 120 1.005 12-24 20
Chemical addition to primary tanks for
phosphorous removal o

Low lime (500-350 mg/L) 19 1.04 240-400 30Ch
+" . High lime (1600-800 mg/L) ' 2.2 105 | . 600-1300 soob
Suspended growth nitrification - - - -c
Suspended growth denitrification 1.20 1.005 12-30 18
Roughing filters 128 102 -d

a Assuming no primary treatment.
€ Negligible

Adopted from: Metcalf and Eddy (2003)

b solids in addition to that normally removed by primary sedimentation.

d Included in bioselids production from secondary treatment processes

Slgall > slgadl Jagonsll ;L;h@}u e 2
sl (Yactual) aal il 550 e ale Rrgasl
s (heterotrophic bhiomass) 4382 Lug.80 Lguonl

390 4lea I S S 33l 49 3 yad gl pae
oy3leall 1o B yuS C3luaS 455 . dagagally plndl lasl
el ALl slgally gl 20 b33 llg il

=9l (KgVSS/kg CODbiodegraded) 0.5-0.6 392> 3 blasd! ¥ Lo 1435 53T Slasll 3 ols: JC2

60-85% yuy Bale Blasil) G593l dyg.inalt Balall goinn
odiss e ol sl g2rs pace gl ag2g 355
dLall slgall Gty 48 . Ly gildl] &y g.mdl ALusdh p L)

o siall) ouall Spll alea B Bagor5all dalal!
o¥ana e a3 las Lgaad! AN B35 M (aa
et 5 D149 39209 pas o 8 Aot Blasl ol
Blasdl &85 A lazaly 58T alazal e3y] camy ol

. (Veenstra, 2002} 414512

Al pslaall oy g:.bj.n plasadidsley dunlis
oMaadl sles s ol Aacliall @l pacdl e daildl
iyl Jaa dd3all yalaallg Aygyall Ulagdl gl
Wk 550 e Bule 2l (septage) opeiesdl Olalse
8 Blasl plastzal Bale] A\Ka] o] ALEDN olaally
oS! aiia oo 8 yo dalisly dogasiall dituiall
S yitia oo B30 dakly dagasiall oll

Agg ool A o peanad s J2 Dy 5L Blasl o553
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o ! el o el 4gitell Slasll 2 lsf Jane 0 Saas gl Blasul) Ll BgSa Lygaonll sl s 23

(sludge yield) slas! L] Jguama yobul e lglus Balall > olgull Jroonill ddasd 2T LS g Ll oy
& 35> sall Adltall ELall slgall 3130l donazs ellig Bale duianll Qgdne Lygaodl Wustl Yot 3 g.i0l1
CITI-URPRCTEVEN F1T I XU PN S0 A O (kgV$S/kg CODbiodegraded) 0.5-0.6 Jasa

iy ¥ losie Bliny Gygotal) slast! Jazmall &gl dnlys  dygilall lasdl B Gyginall slgall sgaoue Ll zalsiss
lasll B Jo¥lcmagill jog> puadad  Bagaal slasul 1ot Jana 5l .85% 1 60 e dsle
Lo Bl dase 58 eyl leplag.?gg aygitl

yoall unll oo dallas Gilhao (na axlll digillllg &gl dlasll (naigaill wusydl 3 Jgaal!
i (Metcalf and Eddy, 2003)

Total dry solids (TS), % 5-g 6 2-5 4 0.8-12
Volatile solids (% of TS} . - 60-80 . 65 30-60 40 59-88
Grease and fats {(?, of TSk
Ethersoluble - |~ 6-30 .l sz 18 -
Ether extract 7-35 - - - 5-12
Protein (5:75) ’ 20-30 25 15-20 .18 32-41
Nitrogen (N, % of TS) 15-4 25 16-30 3.0 2.4-5.0
Phosphorous (P205, % of TS) 0.8-28 16 15-4.0 25 2.8-11
Potash (K20, % of TS) 0-1 0.4 0-3.0 10 0.5-0.7
Cellulose (% of TS) 815 10 . 8-15 10 -
Iron {nct as sulfide} (% of TS) 2.0-40 25 3.0-80 4.0 -
Silica (5102, % of TS) ~ - |+ 1520 . | - 10-20 -
pH 5.0-8.0 6.0 65-75 70 6.5-8.0
Alkalinity {mg/L as CaCO3) - 500-1500 - 600 - | 2500-2500 3000 580-1100
Organic acids img/L as HAC) 200-2000 500 100-600 200 1100-1700
Energy content, kJ/7kg TS - 23.000-29.000 | 25000 |9000-14000] 12000 | 19.000-23.000

a Adapled im part from U5 EPA (1979)
Nate. k)/kg x 0.43032 - Blu/Io

T —y o o
POt STV St Ly
P L P T




13 Gyl dhisll b dcl)l i slast] Golll plasiwt]

doguigallg plal! dlaall (nilioshall bl 4 Jgaall

a Raw Primary Sludge b Digested Sludge

FRange s Sk Typical AALREsRANge :
Total dry solids (TS), % 2.0-70 4.0 6.0-12.0 10.0
Volatite solids (% of TS) ] 6o-80- | - 65 . 30-60 40.0
Grease and fats (ether-soluble, % of TS) 6.0-30.0 - 50-20.0 -
Protein (% of TS) : ' ‘| 20-30 ¢ Coeezs I 15-20 18
Nitrogen (% of TS) 15-4.0 25 18-6.0 3.0
Phosphorous (P205, % of TS) ' - 0.8-28 16 T 15-4.0 25
Potash (K20, % of TS) 0-1.0 0.4 0.0-3.0 1.0
Cellulose (% of TS) ' [ 80-15 100 80-150 100
Silica (Si02, % of TS) 15-20 - 10.0-20.0 -
pH - | boBo | 60 . | 6575 70
Alkalinity {img/L as CaCC3) £Q0-1500 6oco 2.500-3.500 3000

a Refer to sludge settled in primary sedimentation tanks.
b Mostly refers to anaerobically digested sludge.
Souwrce Loehr et al (1979) cited in Polprasert and Keoltaten (2017}

dlaall s 3.2

2atall A Lo slgall cya T0% o 51358l cdsamall ddgil slanlt alil Gatlano 3.2.1
Polprasert and) 2 g¥1 cpnydl! _ploat 3 ayas

90353 (U.S. EPA 3S5a8l ddt Gylas WIS) \idg
(Koottatep, 2017

70 oo AMiall LLall slgall o 094l Z1Y! ¥ane
o Ball 1Ll b Blasll Lol blesall SULH s poall b 9yl ALl Stoall 4o @ 110 N
yo daksl wllai ¥ aall phans o8 Aggun il aLall slgall o x> 75-50 g dlasdl 131 Jasa
llama M yomall byl sloo Jaid dlin oo Euriga capuayd 5elS Ll podll b 3)3/a11
o IS o aS Sag el pag apsSall Eollaall  Gilsall ULty S anall 03 Gl ste.s 65% 4L
oo Bl ALall 5slall o 2S 40 N 25 parlopraie 5397 of (Ko T Enilipa 18531 030 115 isyol oo
£S5 800 Mg ol (5,5/DS o2 109-68) gz 8lasdl Sldglt B oda deafjall d g%l slasl 5] widlasa

238/321 2.2) g (Lo s gtmmn 95%) Aoyl Slanl ya
.(Polprasert and Koottatep, 2017) (530 5

A58l daaall b samall Blasdl o] gl palanld 3
37932942 Jigll Lo pabauld elxil pgar 229 53k3
23] g (PWA, 2014) Luag) 35lal Salall oy Lalser
el pgac B9 8329 Luyall danll B byl slasl
Leaga353/31.9250.559 3.5 Jlgall e oyulads

otnal Fladl pulglt alasadt ) 4805081 5 amall
plen lganasi 3l 3581 Blas! 208 calisis i edaall
B yoll plis ¢ o3 g bgyal 3 pall ol B
ilaiiall suall b yall dakl 48 . paszuwall oualt
40 o nczzall (TSS) Gl ALl slgallSlaz] gl
ool Byalldalail 3 tpaull B 258l Laly 50 1
2852 4] sl sl 60 ] o of Ky S il
L lallslgall o @30 N aJedl Blas! CLJ! JECT
slgall oo B> 409‘}45“‘}(&._»‘591 USJ}GU/W[&JI
ol Byall dalail 5 pal 8 35l el Ll




Loy pas sall Blasdl L1950 (4039 Ao T ot yall I3
265355 dling Bazadll dyggal) Joatal po gy yaun
o e ale I8y Uadiall Blasl 2] wdase e
s 2 e it Blasul 2L} crlase o lasl
JFM

Al 555 Llae e 6991 Bland! 2] Jabond oKa
slgall ji5al Loyl -0 (biomass synthesis) 4 g.J!
aiftoll ALall slgall 34553 Aoz Adazall a8l L Lot

TSS/BOD) g5, cpemaaST e llall 3557 )|
Blasl o] &4 long] Kay (ratio) (Popel, 1993
Andiall Blastl Sblass b (WAS) 539340l datuall
Ngall BuaS ol s7g Agludtinl) F/M Gt oo Wy
stgall o @S 0.4-1.2 (yas s Jgadll Adlall ALl
§9e3! S Lo Gl s @onS/ad) ! AL
«lli g (kg TSS/kgBODremoved) (Gray, 1990) Ji3al
33 Lo sl ool plastad 81 e
aladiall slasd! 2Lty §lazs lad . duz glgall dndlaall
Bgn3 45 B am0all dyggill Latsl 5 (WAS) 5900l
2ol Slasl 2 15] &S )] Aabazall Ll slgal
EPRY 7 ICP IS | PPOWFTCL | ) WA UL 7

T slasd zlol Jasa slajs F/M

0853 (Trickling filters) y i)l ol pa) duaelly
S15Sa ppadl 1385 5.5 151 2 o5tall Blasdl 1] cilane
Ggand] A 8 pripall B 3u25 el Bl
3lay Mdbg) Jadda 2> | (stabilized) yazus
Blasl L] e fldg € Juall Blan” Bate lgale

oo @S/a8) el LLall slgall e panS 0.4-0.5 Lz gaill
0.6-g _nasuall Jeasall 2ils ot pall ig2lj| 025 BOD
8 yhniiall Sl yold altel! Ll slgall 0 @25 0.7
.(Veenstra, 2002)  Jall Juaxdl O3
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ASAW) dugilill dlaatl pliif eulaao 3.2.2

Balall 2 gl Jasonall Ao 8 gilalt Blasu oL
ddadl] LaS pglyh bole dygadt Az )] Lyguaall
A5 cya S 0.5-0.6 oy Ardieal iyt LSS
Jlonzall 2 glged! L tamnS 53! clball p @2STan gl
dadlns Sllama b well3 geg (Horan, 1990) G slss
a9l iygaod) Wk 1] 16K o onall Byl olsa
i(Veenstra, 2002) &3l did> v el
2253 181 o] oMatuay (nitrifiers) &zl
zwl k_,,.9 palud sy (lower yield coefficients)
ple I8 &gl alsdl
byl olen oo Aubzall Ll Al Slgall Gzl ¢
I 352 Laa Argaat Gl LBazy Bayloll ol
4aS| ol 2l &Ll slgall 4408 Jlax] 82435
e sala K0 3350 Vimg sl o> J1s
o¥ana viclazg 38 58Tl Blesdl 215} odasa
dlall sgall o @S 0.8-1.2 M Slasl 2L
A 54t Jionzall BOD cya anSfadlall
Ut g3l &y gl ALt 5] e y3Luig
Elaisl M Bylsadl @ o Baty) G385 Bl Ay
oAkl 2225 el Ay (ke Il izl Jalso
oo S8 g1l slan Ll o 5428 b Ll gl
(Pope, 1993) Wazsall 331551 a3 S5 lald
Jos dols sl Jol L3 Sl g 150 1,550 489
Jls 3 8yloudl 2,80 shdl Blobiall ye layat g dsil
Slaodl 2a5¥ Gl oy sbrnadds 3581 Y20 5351 Jos
i yall Blasl sae gl dndsiin F/M s 13 dndicall
Pt b g dsenl 528 Ll lal Blasd! udis pay

.(Metcalf and Eddy, 2003) &:8aall OLS33 e
Slasl oyo sl By oLt gl sal sazsy
JHall oy IS5 13 Loy RIS gy 2l yhe
Jetially

dlaall &alloo 3.3

Goado 3.3.1

aal3a S el B gl o ndlne Solhasma algs
oy s adallg Slasdl dadles Sllac b JSLSw
Slamy Olas e Jailo pana 35a7 babasa 1 JJ1
e d e Sia i85 bga 90 LSy lasl dnlne




15  &all ddhiall o chjl na dlasll Gol plasiudl]

0o dcgiio dcgoao o digho yalaillg dloall dalloal dlasll Goar ailhbie wljla .1 Yol
{Metcalf and Eddy, 2003) @atiall wldaall <ilangg cibilaoll

Camrilgt
po Scoomps Lo oy | ] o U= | of Dee-fiw ..[“”N:
| T R = = *'“*"‘*"-“"{3 —
fow Pl
=ll=l=2 EH ===
intnd gl i = HaE=
",: Ligoen Loopon L)
e
—_— ° - omgmn
(Veenstra, 2002) 5> o) 5. dloall a5lows 3.3.2

$352 e 13> Llle 35> 593 538 all ayball 53021 Y35
3lo slga Jae axe 3lasl o 1M cladl g N
) aasSalt slasll 0S8 Lo )] o Kag ablind! Lindciza
3" (a9 @8Lo] ;92 D5 6% \_,]E4é..,_| ujlp NEVEW)
lale DS obo/3adgs @S 8 J) 2 20Lb) 2o 10% JI 5
Al Bolas 0 sads | Bl

(drum) L.l dt ol 5319501 (sieves) Jslall 1825 sy
Jo= (da5.1 g§ 5353 25 I 5) Lassiia ol ygs ey
I8 4] dndlanS il IS5 Lol g B3] y9ons
2l ulSa of m2iga J2a Blasdl e olsall -3 dalaif
slasll yadodl i SS e 35190 JUsalt Jaalyy Jazis
el P32 8330 B)l9s Llghaul ] edla] )3
I e bediall elall 3oy . lga! cusl Juse

Ll 4 (DS 47— 3) ieandl Blasl 7yl 29 Sl sl
Jolglaadl

10.5-2% o0 lasdl 3,55 Ko Olyadsdl @8ls] pa
33kl 53421 @ 3las adsiie AU SWgzwl DS 4-8%
eyl Al (655 palt

Ly pgaslldag Lleidailadlalis Olatss
Llall slgali e dbbsiie G e gomd A lasll
Lzsmars dpdladly AtKall Lilas 353 of Koy ALl

alall slgall ggima 8303 Lgaasits of Blasul 3,545 @z
b2 Blasll @ 3 48 plasiil Beindp Wl
dadlne b A 3555 S olasdl @z olasl

lgza palsstl g8lss I Lalisg Slasl

Blasdl oo elall B3] &5l le Slasdl 285 by e @y

Sl Jars Lo S IS8 Blacdl aas Y85 Sug

0.8% le gosond 2 Blandl AT o Saall o 1S T3]
das Yladay Pplasil §.80 pipuwd DS 4% Y DS

.51A:J|Pa_._'>g.'9n..§h..bl
3@w1gg¢swlmwﬂsyl

Ollac s ps . L3lg 8lasdl ge Jolazll oolulac
Aobldlasd el ol3,S50 e oleall 239 et

1 o Blasl A ,as) dssladl
dallalaasa 1
ool olasta 2

LI allolassall .3
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ISt ¢l s g 2lall )] oo ¥ 68 Gl S
a> M obyall -35 lag b (scaling) pamandl
1100 oye Lz 3sadl Oleyad 2135 lasdl oo
La3s Lle Blasl) DS @S I Ca(OH)Z gaS 500
Metcalf and) G485 30 3.3a) 12 s> 212 Ao gasl
" (Eddy, 2003

Wlis clall degiua Glasd) Sreadl o 23l B3a0 Joaxs
BauaSY oy pandl o B 2 gIoll sl Byl
8lasl 33050 2 33 8533 8513l 3 yUall L Sea SN

@S0 g pe3all i tdsgia days 50 e 5281 )]
Jhanyg tad 2o Blacl yghag Bgus 10 ez 9)5g)l
olagall o (inactivate)

slgall s N adlsellg Tilgadl Slasl Bags
a9l Lgudl oMelaall alasizuls La lgw dagasll
Ll Ylad > gloal pigl illac s ze a3t of
431 e g9 Blasll gg.lanll gumall 1T 3
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(2003
Total solids Temp. ﬁ;'ature Equation
D No heating of small
2%7 29 50C 220 min - 131,700,000 particles by warmed
10014t gases or immersible
liquid
R I - Small particles heated
¥%7 . 2°50C »155ec 0| 131,700,000 by warmed gases or
' o 10014 immersible liquid
D
%7 050C | z15secto<zomin | o 131700000
100.14[
" ] oo b "
<%7 »0 SOC . 230 min :‘ f' ".l . _-' 131.700,000
C . [ - ‘100.10
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Blasul Baeka Koy «otnall ool 1S gz Bl Lasd
UA):S[ ol aslg .y 6 Laas Slasl Olonzing
3 i xS "EQ” Sagand iy glbaall Ol glall 038 5
SV skt apa g3 @iy g a2plall Sledl 3.8 520
Blo Y1 Gual g oy 81 e gl Al 3oty
Jsogllaie Fudull Bgg aipdal @iy La¥ 100 I
oS a8l o glalt Joama) astrich aod ]
281l anlgdly b Jaas 1 slasdl loviza griss
"EQ" 539> Balionz) & gllaall U slall 13,557 ye

A ol Blalt e e 8T ool 5555 0 S8 sy
Jroad Jama s> Ologlan 3955 pi Ll ulS]
Bl 132 b pasiiual) Jgudall ggind] D glall
Sl Banzall olpdgh b olsodl e sl dla

0o RaskT w3 33 solaall of e gl e @il ey
ol M oblall g FUadl dawly wlalys Jois
355 LB 3t Dbl Slyls g Sl Ol gand
Harrison) ool 2sua) 4,315 Lalax 35474 pilg)
et al., 1999; Vesilind, 2003; Doula, 2017

s Faod ol om0 e Lgnnded it S
pollutant ceiling) &Uglal) Lle ¥ ol 3.8 520 455001
.Sl DUglall Liesd oidanag (concentrations
393> gl (cumulative pollutant loading rates)
[(pollutant concentration limits) ol glall 3855
ol didnall (bulk) slaall e dygamd! AL 2 laos
~Ulall 3455 agan Lali L Adiiall Gilanlg o-g sall
o deball ool Gkl slgall Bgad off oy

34555 293 5331 gl of Lubist 5 o graall
Qb emmag w0 glall Lo ¥1 cil3,852! of i glall
odane Ll sazny g3l gidl putiall plasiil Jasay
503 30150080 e lgill a9y Az gid] U slall Jpans
oSg e @l plasicil e pBgall 3948 joay Budasi
Agalasiid d38 gi30 gyl Lle Joaodl a3l
B ghe At yatlan Loyl L0080 plolll pdni
Bagat” slasy e Lo yoleall Jalt3g (6 Jgamdh

¥) &ane 3555 a9 ati Do (EQ) "Aslazod)
Gl B glall o gl o poalall B 232 X e 135
e aadl ollbaze | 23LaY (eudaizl) das )
bl oMLy oliadl il

allsg o 503 cjall ailgl (na {walal gjght gulwi) (il (a6 Goaiiwall ciliglall agas .6 Jgaal!
{Doula, 2017) dxsgpolll &icdl dyloa

c 01: :elmt:?i:n co:;ﬁiirr;%ion 3cuﬂ:‘:§:ﬂ¥ €  Annual pollutant’
Pollutant In EQ i: bicﬁs;%utc‘l)s lo';c::lln g rate loa:(dipg ;atres. -
biosolid (mg/kg) hnﬁﬁmg /kg)  limits (kg/ha) g/hay

Arsenic 41 75 41 2.0
Cadmium e} 1 8- i, .39 19
Copper 1500 4300 1500 75
Lead = . 300 . 8400 ] 2 L300 15
Mercury 17 57 17 085
Mclybdenum - 1 75 SR U -
Nickel 420 420 420 21
Selenium : 100 o 00 - = |- .. 100 5.0
Zinc 2800 7500 2800 140

1: Applies to bulk biosolids & bagged biosalids,

2: Applies to all biosolids that are land-applied;

3: Applies to bulk non-EQ biosolids:

4: Appbes to bagged bicsolds not meeting EQ Limits.
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(Metcalf and Eddy, 2003)
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o120 e ol 13 gianal g Tgae Sy b
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(Dot

77 Nutrlents, %

n g #& Phosphora

Fertilizers for typical agricultural use a 5 ‘ 10 10
Typical values for stabilized wastewater - .
biosolids (based on TS) 33 23 03

a The concentrations of nutrients may vary widely depending upon the soil crop needs
Source Metcalf and Ededy (2003)
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Slast 5 Gyl st B dagall Jalgall e 2531
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Liquid 1-1¢ Gravity flow, pump, tank support
Semi-solid (wet solid) " s30 - C°”"e_”‘§;}§l“e?‘§ig,‘{t“§g;,'a”sport
Solid (dry’ solid) 25-80 Conveyor, bucket, truck transport

Knezek and Miller 1978 reported i Polprasert and Kooltatep (2cap)

gl Lolac 3855 15.(2013) 19357y us..u] l5dg
degiall vl Byall sles Blasd dyztall igaml
Sllama 3 A jall Llall oblall ggnsll e jadlg lall
amy spanll Llae @YY 5 piall dnlaall

Byled oo Llatius [3L (co-composting) dsleall
oS Luelana Bl aileall Jatd o Kang aobylasl
plal el Bals3g DLl dadlna 3315al plall Joual
JRighi et al., 2013) lasll 5,15) Ay

dujloo Jidi 8.3

ol AN ansf (2022) 95Ty Lot s g45le 23b
Syall ola plasiil 558 Bl o yle g3 jasall
4] ot e 13] dily 4oy a3 Axlzall ool
Mateo-Sagasta) plasiwii Saley dlSlan 4,560 0.8
o U Lualys o Baual Ljlaall (et al, 2022
e Bgaia pils )l patuly seld Rl gdlgl
2L5] sy (Mannina et al,, 2022) du.3lall a.m'.:.n”
Aely i 58 Gpgundl AUl plusizud Eomp g5 83150
32035 8l e 13l 198 Jusot) Lolall 3aaa 51T
~oladl

(213l 6 Blasl alasiial gt

oot Lot oilyaall el ahzil Jass o1 Laess

Sl £l g syl laas 1iasd g 25 Wl dbanll
elid date Bh) pog oluedl soaadl a3 M lag
Bty srecsliall Jader Jald S5t praliyeS ooyl

bl dsly3il) Liazal ollisl Labgag olsl
el dovall 2

&iljadll dgaii 8.4

S e 8yl e sl3all e gy sl b g
Blasd! 488 LT blasdl L3 431580 ol
39380 o LA alaall 4paS g ageisly] ] BLinall
Al yolall il e g9 sl3all 3% o
oroe33all 5550 of g dselidl aglioloua gl
L] a5 a3 OLaSl agand Ll potls
Lol algall ) 3Lyl 4,5L] dyglerS 3aam]
tya3 9 Btz e g8 OMan elya b puan) By gaoil
ol e slasd) Yledllg 0T alasiadl Lle e ylall

R Al Mkl EICI LAY
il !I;L{;,;:\r'?-"'.?’%";f 8 u:-f'ff R SR

TN X b




33 &uolldahiall b achjll (pd lasli golit plaiiat

O glall duaS a3 Lol egall fpa o yuall Byall
Garduo-) Jeotsally dyyl 3 laasinss Gl 5kl
Lt ol sl ias us...- [(Jiménez et al., 2023
Aoy g gl T&J.‘:ﬂl ".sl.\:f\:.ni 3Ll 894
ity eyl Loyl le Slasdt dazoall ity 510
o Adanall Szl elyrt Basb oo satuns Ko
oLt racsliall hglsn ga Jalazll gl lyn] pgall
lasdl §odat snig 38 oL L3 Blasdl placiil

Hghillg Ciaull jg3 8.5

a1 Slasl dallea) gysl @llac plaszd Al b
e 7.1 il 5855530t el L33y f atil) lbhaza
ol Olay gy Byguall il g 3,ali 4.3 5e g9l
aiill o Ablgza puttasll o)f L3y Blasd) AW A LAl
Jasn Lle cBgll Ygh aa8 g0 p il ye Bl gl
ol olgal Unwlgs Ladomall lasdl e gi o Jliall
Jo1s Gloliall gl faldl gl ylol pLall @13 plalt 5
o S Blsan of Lauwge ulzsl po aldl yuis

oulill Laleg e stialt plumag daelill pgadlsl Lle Moyl B Sl Lo o Sl o S o8 ol ol s

2oL pai ] huisg colaglaall M aglsog 35U )
Brgoni

fsbsa zlpl sl gl pois ol $rg3a a9

omds Gyl Gl e By A Gk

AN Bl gyl oo ol Ltonall s glg
B ola) Ao ligKia | oo 531 Lle Byl
PPRUIYCP PO EIC L VOSSP T S PEY]
ol o byl o s aigandl Lagad F L Balazall
o idsial] a0 8l 3 el ciloasll @paiip alall
Sabadll 3 55adl ha sija o Jganlly Olasall

Tl e dgad) Al plasall

#Slgirall 85U Bagad )55 Eoo ubanld
il 2l gbbia B pa byl

J_g,.i.” J_tp- \;'J." SleMzal r.b.:.»[ p@ajl TS
(fertilized) 3 aa.uall a3l coloenzal) clazadl

L Lo Aazall UL Ao 5] ey dugend] A
asitaall Dy g0t bl sl gall d4aSg ¢ o Lonal
Juloillg o sstiniall By gla s Baswdl A4S g

030 33 LS 5 Gatimally iyl Lm g golaadyl
Lgandl AN alsizd yaeyliall Jod e wuilsa
065 Jol o gm0 L5 il ¢ sf3al) elldg
contaminants) 3zl & .20l U 91:\" sblsal §eac
alea u’ 823>gall ((of emergent concern (CEC




3

dloinall Cilgingillg Cala liiwl

olua dndlas e b slasdl Anlins 539540l e
Luliall Sldasllg by plasiwly sl Byol)
Ut é_)g_,..b." oro 23S g dygllaall 31&:..11"5_193_- Baind

by deal ] 3B yolasg Dldlaza Ags IS g0 050
3 3ll olso iyl b oSl e 5520 o
Sl pac ylada) oall B pall allsi b el

' AL oy aaally b sl

Alall slgall §aebadd gl l3all e @2 e
Llaal C).QJ.\.:-L‘LUB ul_.,t.'_,_').“ L,.'o'_,ﬁi J.s‘- dygazl
IS5 al at iy &3l dpalasly duelaza Yl

ol g Aadtnall slasd) Jlaall plasiiudt plel Sliic
Baslad amyg clsly S8 shacl ey olsall sdm 383
oledl é)_g).'o)of liag . ductydll Lobdl Ll slast
J5lis cpaf IS nll Byl elsa Blax 1y palsial
ol Aoy 2l e Ko g0

Glatiiie Y] 9.1

W ynally dndlnall Blasdl Faudai ol dulyall oo o gd
Bliz g Ysina L5 any iygaodl Al puly LET

w13 a2y - Jaokdt saall e Blasdi 519 dtal

(1) y2, 3 e dadtaall Blasl Gadai o f ddd> )
ezl Baaljzall 4.asll e alsall Wil Gl 35,
Olboa e Dblail) 930 piiaS doviiall Slandl e
sobiall 33947 im0y (2) g o ol B el s Bnllnag
Loy i Basda Lo L2l dygasl sl gally 45058
g a1 G ] o 135 g e 31
Joos Atul) 350 taaMS g vty lontll BranaF AAIST ya
a5 33008 Eonllaall Blasdt B oy g 520l G520
o.uui!lull bl o Jailas oo lal) gyl
Bolmzes! s pp0 @8Ual) plasirdl! 42,28 &y gta S
oe dall olile oblegy e Sl LIS 5 a4l gall
o)l Lo 0 5508 aamsl plasizl 4l 55k
U o B3aS laS Sl N lga sl ga50 g
ug)_)ﬁ".&._u.s‘

o8 ekl ol o ST Olaludl puaadd o
plall vl Byl pls b dpeliall colag sl
erleall 20 55Lall slsall o Lalsall e ylaa)

dabaall ptous! calisie Bagaus ol jaall das »
el 2y cpmesliall sl g o o
pasili g 2o 3} da3MT lgadly sy Oldasllg
sty 5 Blasd e T plaskzudl

dibonll Gilelaill] 9.2

Lo laad aal Yol e ©5aa olgr 92) Sl i ol

gl Gle Jo¥ e Galaall Blasll o L) g ol

: il

Lgaadl adall olgall Gada) Alalio dupsyond gyylia »
datenall sladl ol 5 Ly duely3)l Lol Lle
slasdl d.AS)JJ.ﬂJ’g.'&J).Jl BJg:g-g.J._g..ai;..nJI 3390y
Syaly o el 5 4lg o etazad Joilly leio i
Jodaall ool

st rbd
'“'.L'”'?m.' 1

g i§1 ikl B ol




35

tuoll adhiall pa dchifl (no dlast! Galll plasiulfi

M., Wichelns, D. (eds.) Wastewater:
Economic asset in an urbanizing world.
Springer Dordrecht. pp.75-92. hitps://doi.
org/10,1007/978-94-017-9545-6 5.

EC, European Commission. (2001). Disposal
and recycling routes for sewage sludge.

Part 1—sludge use acceptance report.
Luxembourg: Office for Official Publications
of the European Communities ISBN 92-894-
1798-6.

EQA, Environmental Quality Authority.
(2000), Palestinian Environmental Law,
1999.

Fang, Y.R, Li S, Zhang, Y, Xie, G, 11, (2019).
Spatio-temporal distribution of sewage
sludge, its methane production potential,
and a greenhouse gas emissions analysis.
Journal of Cleaner Production, 238, 117895.

Feng,]. 1., Jia, L, Liu, Q. Z., Chen, X. L.,
Cheng, ]. P. (2018). Source identification
of heavy metals in sewage sludge and the
effect of influent characteristics: a case
study from China. Urban Water Journal,
15(4), 381-387.

Horan, N. ]. Biological wastewater treatment
systems. Theory and operation. University
of Leeds, UK, 1990.

JS, Jordanian Standards. (2006). Water -

Bittencourt, S., Serrat, M., Aisse, M.,

Gomes, D. (2014). Sewage sludge usage in
agriculture: a case study of its destination in
the Curitiba Metropolitan Region, Parani,
Brazil. Water, Air, & Soil Pollution, 225,
2074-2081.

Chen, W, Liy, J., Zhu, B.H, Shi, M. Y,
Zhao, S.Q.,He, M. Z,, ... Chen, Y. P. (2022).
The GHG mitigation opportunity of sludge
management in China. Environmental
Research, 212, 113284.

Ding, A, Zhang, R, Ngo, IL. H,, He, X,, Ma, ],
Nan, J., Li, G. {2021). Life cycle assessment
of sewage sludge treatment and disposal
based on nutrient and energy recovery: A
review, Science of the Total Environment,
769, 144451.

Doula, M. K, Kouloumbis, P., Sarris, A.,
Hliaoutakis, A., Papadopoulos, N. 5.,
Kydonakis, A. (2017). Reuse of Sewage
Sludge on Sgil: Terms, Preconditions and
Monitoring. In municipal solid waste
management strategies, challenges and
future directions, Nikolaos Tzortzakis editor.
Published by Nova Science Publishers, Inc,
New York.

Drechsel, P., Mahjoub, 0., Keraita, B.
(2015). Social and cultural dimensions in
wastewater use. In: Drechsel, P., Qadir,

£ ra i




of lead, zinc and copper added to mineral
soils. Environmental pollution, 107(1), 153-
138.

Mateo-Sagasta, ], Al-Hamdi, M., AbuZeid,
K. (Eds.} (2022). Water reuse in the Middle
East and North Africa: a sourcebook.
Colombo, Sri Lanka: International Water
Management Institute (WMI). 292p. doi:
hitps://doi.org/10.5337/2022.225

Metcalf and Eddy Inc. (2003). Wastewater
Engineering Treatment and Reuse. Fourth
Edition. New York: Tata McGraw-Hill.

MoA and PWA (2015), Obligatory Technical
Instructions, Treated Sludge for Agricultural
Reuse, No 59 for year 2015. Ramallah,
Palestine.

Nassar, A., Tubail, K., Afifi, S. (2009).

Attitudes of farmers toward sludge use

in the Gaza Strip. International Journal

of Environmental Technology and .
Management, 10(1}), 89-101.

Pasda, N., Panichsakpatana, $., Limtong, P,,
Oliver, R., Montage, D. (2005). Evaluation

of Bangkok sewage sludge for possible
agriculture use. Waste Management & .
Research, 24, 167-174.

Piippo, 8., Lauronen, M., Postila, H. {2018).
Greenhouse gas emissions from different
sewage sludge treatment methods in north,
Journal of Clearter Production, 177, 483-492,

Polprasert, C., Koottatep, T. (2017). Organic
Waste Recycling: Technology, Management
and Sustainability ; Technology,
Management and Sustainability, IWA
Publishing. ProQuest Ebook Central, hitp://
ebookceantral.proquest.com/lib/delft/detail.
action?doclD=4939116. .

36

sludge - treated sludge used and disposal. JS:
1145/2006.

Kelessidis, A., Stasinakis, A. S. (2012).
Comparative study of the methods used
for treatment and final disposal of sewage
sludge in European countries. Waste
management, 32(6), 1186-1195.

Keraita, B., Jiménez, B., Drechsel, P. (2008).
Extent and implications of agricultural
reuse of untreated, partly treated and
diluted wastewater in developing countries.
Perspectives in Agriculture, Veterinary
Science, Nutrition and Natural Resources,
3(58}, 1-15.

Knezek, B.D., Miller, R.H. (1978) Application
of Sludge and Wastewater on Agricultural
Land: A Planning and Education Guide,
MCD-35, U.S. Environmental Protection
Agency, Washington, D.C.

Krogmann, U., Gibson, V., Chess, C. (2000).
Land application of sewage sludge:
perceptions of New Jersey vegetahle
farmers. Waste Management & Research,
19,115-125.

Ly, ]. Y, Wang, X. M, Liuy, H. Q., Yu, H. Q.,
Li, W. W. (2019). Optimizing operation of
municipal wastewater treatment plants in
China: The remaining barriers and future
trmplications. Environment international,
129, 273-278.

Mannina, G., Gulhan, H., Ni, B.]. (2022}.
Water reuse from wastewater treatment;
The transition towards circular economy
in the water sector. Bioresour. Technol.
127951, https://doi.org/10.10164].
biortech.2022,127951.

Martinez, C. E., Motto, H, L. (2000). Solubility

\."
L4
-

\

8535 ¢




37

dypall diihiall (nd @cljll yad Gloall Golil plasiulll

of sewage sludge-derived biochar for
resource recovery-A review. Chemosphere,
287, 131969.

Yassin, M., Abd Rabou, A. (2002). Perception
of sludge use among farmers in northern
governorate, Gaza Strip. Bulletin of the
Faculty of Agriculture, Cairo University, 53,
517- 530,

Zhang, J., Li, N, Dai, X,, Tao, W, Jenkinson,
L. R, Li, Z. (2018). Enhanced dewaterability
of shudge during anaerobic digestion with
thermal hydrolysis pretreatment: new
insights through structure evolution. Water
Research, 131, 177-185.

Zhang, Q. H., Yang, W. N,, Ngo, H. H,, Guo,
W. S, Jin, P.K, Dzakpasu, M., ... Ao, D.
(2018). Current status of urban wastewater
treatment plants in China. Environment
international, 92, 11-22,

Zhao, G, Tang, ]., Zhou, C., Wang, C., Mei,

X, Wei, Y., Xu, . (2022). A Megacity-Scale
Analysis of Sludge Management and
Carbon Footprint in China. Polish Journal of
Environmental Studies, 31(3).

Popel, H. ]. Lecture notes on wastewater
treatment. I[HE, The Netherlands 1993.

PSI (2010). Sludge- Use of treated sludge and
Sludge disposal, PS; 898-2010, Ramallah,
Palestine

Raheem, A, Sikarwar, V. §,, He, ], Dastyar,
W., Dionysiou, D. D., Wang, W., Zhao, M.
(2018). Opportunities and challenges in
sustainable treatment and resource reuse
of sewage sludge: A review. Chemical
Engineering Journal, 337, 616-641.

Righi, S., Oliviero, L., Pedrini, M., Buscaroli,
A., Della Casa, C. {2013). Life cycle
assessment of management systems for
sewage sludge and food waste: centralized
and decentralized approaches. Journal of
Cleaner Production, 44, 8-17.

Tezel, U, Tandukar, M., Pavlostathis,

S.G. (2011). Anaerobic Biotreatment of
Municipal Sewage Sludge, Editor(s): Murray
Moo-Young, Comprehensive Biotechnology
(Second Edition), Academic Press, Pages
447-461, ISBN 9780080885049, https:/dol.
org/10.1016/B978-0-08-088504-9.00329-9.

Tsang K. R, Vesilind P. A. (1990).“Moisture
distribution in sludges,” Water Science and
Technology, vol. 22, no. 12, pp. 135-142,
1990.

United States Environmental Protection
Agency (US EPA) (2023). Biosolids. Retrieved
on September 27th, 2023 from: https://www.
epa.gov/biosclids

Veenstra, S. Lecture notes on sludge

managerment. IHE 2002 (LN0079/02/1).

Xiao, Y., Raheem, A, Ding, L., Chen, W.
H. Chen, X., Wang, F,, Lin, §. L. (2022).
Pretreatment, modification and applications







The Joint Water-Agriculture Ministerial Council

The Status, Treatment Methods, and Use of
Brackish Water in the Arab Region

Draft for discussion

Food and Agriculture
Organization of the
United Nations

101

(>



Contents

Abbreviations
Executive summary

1. Introduction

1.1, Current water status in Arab Region
1.2. Brackish water in Arab Countries
1.3. Water management

1.4. Brackish water uses challenges
2. Desalination technologies

21. Employed desalination technologies in Arab countries
2.2. Current desalination capacity in Arab countries and future forecast

2.3. Criteria for desalination technology selection
3. Emerging technologies in brackish water desalination

3.1 Membrane Distiltation

3.2, Forward Osmosis
4. Current use of brackish water in agriculture

4.1. Direct use of brackish water without treatment in agriculture in Arab region

4.2, Status of brackish water desalination in the Arab region

5. Impact of the use of brackish water

6. Capacity building and technology localization propositions

6.1. Capacity building

6.2. Role of Research and development (R&D) and technology localization
7. Conclusions and future directions

7.1. Conclusive Remarks

7.2. Future directions

References

102

bt . L de,
A S e R L

. -u:%,r. o

11

11

14
16
17
22
22
23
25
25
25
29
30
30
30
33

33
33
35




4 The Joint Water-Agriculture Ministerial Council

Figures

Figure 1: Global water scarcity.

Figure 2: Distribution of worldwide desalination capacity in 2007.

Figure 3: Contracted capacity of desalination plants since 1944 in m3/day.

Figure 4.Categories of current commercial desalination technelogies in Arab region,
Figure & Contracted desalination technologies in the MENA Region since 1g44.

Figure 6: Accumulated desalinated water in selected Arab countries in the years 2010
and 2016.

Figure 7: Brackish water desalination concept 1
Figure 8: Brackish water desalination concept 2
Figure o: Assessment criteria

Figure 10: Membrane distillation technelogy
Figure 11; Typical FDFO setup

Figure 12: Comparison of average energy requirements for different desalination
technologies

Figure 13: Irrigation water costs as a percentage of total costs as a function of the water
price.

Figure 14: Reduction in the unit cost of multi-stage flash desalination plants, 1955-2003

Figure 15: Operating costs of desalination processes in cogeneration plants,

Table 1: Classification of desalination processes.

Table 2: Cost breakdown for typical reverse osmaosis desalination plant in the Arab
region (UNDP 2013)

Table 3: List of assessment criteria for brackish water desalination plant.

103

13
13
14

16
18

19
20

23
24

24

27

28

15

17
20




Disclaimer
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the recommendation of the High-Level Joint Water-Agriculture Technical Committee
emanating from its meeting held on 18 October 2022 on the Use of Non-Conventional Water
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Executive summary

Arab countries are located in one of the most arid regions in the world with very scarce
freshwater resources. In most of the arid parts of the Arab countries, the good quality water
is not available or is extremely limited. The majority of the total water supplies in Arab region
are supplied from unconventicnal resources; brackish water and sea water, which are mostly
saline, hence they require desalination to tackle the water scarcity and satisfy the increasing
water demand especially for agricultural needs.

The direct link between food (agriculture) and water limits the potential of water-stressed
Arab countries to promote food production. However, the prospects of using unconventional
rescurces for irrigation, such as desalination, should be taken into consideration as a
potential sustainable option for food production.

The high cost of desalination for irrigated agricultural crops is the main reason it is rarely
used., It is necessary to analyze each factor (e.g. parts, chemicals, labor, membranes, and
energy) influencing the costs of water desalination.

The concept of sustainability with its three pillars; economic, environmental, and social
should be at the forefront of planning any food production initiative using desalinated water,

However, several adverse effects are associated with the desalination process and thus
many technologies are being implemented to reduce their environmental effects. The use
of renewable energy in the desalination sector is recommended as an impressive idea to
reduce the environmental impacts and the associated huge energy costs.

Investments in infrastructure and R&D in innovative technologies and renewable energies
can lower desalination costs and make it more sustainable in the future. While desalination
can help reducing pressure on conventional water resources, they have negative
environmental impacts.
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Planning and developing the concept of brackish water desalination in Arab region should
take into consideration the following aspects:

* Integration into the existing energy and piping infrastructure,

*+ Suitability of abstraction facility for providing constant quality and quantity of source
water,

* Adequate pre-treatment as well as post-treatment,

¢ Measures to the process monitoring and maintenance,

* Corrosion and fouling prevention according to the desalination technology.
* Brine management (disposal/mineral recovery),

* Environmental concerns & environmental management

« Health & Safety (Public & occupational).

* Adequate financial and contract management.

In addition, deficiencies in planning can lead to unspecific tendering documents that
increase costs due to additional claims of the plant manufacturer and time delays.

This report thoroughly discusses the brackish water desalination as a viable option of
supplying fresh water for agricultural needs in the Arab region, a thorough investigation
of the current situation of brackish water desalination and its uses in the Arab region is
presented with future directions of utilizing emerging novel desalination technologies.
The report as well discuss the socio-economic impact of brackish water desalination.
Furthermore, it presents a proposed guideline for partnership between governmental
organizations, private sector and all other parties of interest.
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1.1. Current water status in Arab Region

The Arab world stretches across well over
12.g9 million square kilometers, including
North Africa and parts of Western Asia,

This is a region of highest water scarcity
and arid climate with annual precipitation
ranging from 100 mm to 400 mm. The total
annual renewable water resources vary
tremendously between the different Arab
countries ranging between 0.1 billion m3
peryear for Qatar and 75 billion m3 per year
for Iraq. With a current total population of
around 325 million and a very high growth
rate of 27%; the per capita share of totat
annual renewable water resources has
dropped well below the UN threshold for
water poverty (1000 m3 per year) with most

Figure 1: Globa! water scarcity.

{Source: Sewilam et al2015)

of the Arabian Gulf countries reaching

per capita total annual renewable water
resources below 200 m3 per year (El-
Nashar et al. 2007). Moreover, Arab region
suffers from physical water scarcity (Figure
1). A very promising option is to explore

the possibility of using brackish water and
seawater through techniques such as bio-
saline agriculture, Saline groundwater is
also a non-renewable resource, but itis less
valuable than fresh groundwater, and more
limited in its potential uses. Another viable
option is desalination of the brackish water
resources, either it is surface or ground
water.

1.2, Brackish water in Arab Countries

Brackish water is water occurring

in a natural environment that has

more salinity than freshwater, but not as
much as seawater. Brackish water cai 08

be classified into two categories: surface
brackish water and ground brackish water.
The surface brackish water may result from
mixing seawater (salt water) and fresh water
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together, as in estuaries, or it may occur

in brackish fossil aquifers, as in ground
brackish water. In Arab region, surface
brackish examples are estuaries such as
Shatt Al-Arab in Iraq and Nile Delta in Egypt,
mangroves swamps, which mostly exist near
coastal areas in North Africa and the Arabian
Peninsula.

On the other hand, renewable groundwater
resources in the Arab region are quite
limited, estimated to be about 45 billion
cubic meters annually, mostly in the form of
shallow aquifers recharged from rainfall and
different surrounding surface water activities
{FAQ, 2011). Non-renewable groundwater
sources (or fossil groundwater) are available
in relatively wide areas in the Arab region
and at rather larger depths, particularly in the
Sahara and the Arabian Peninsula, and are
shared among many countries in the region
(Al-Zubari, 2014). Due to over-abstraction,
most of the groundwater reserve in the Arab
region has deteriorated and has become
brackish according to its salinity levels
classification. Brackish water or briny water is
water that has more salinity than freshwater,
but not as much as seawater.

Brackish groundwater usually has dissolved
solids concentrations between 3,000

and 10,000 mg/L (USGS, 2014). Brackish
groundwater is directly used for purposes
such as saline agricutture, aquaculture,
cooling water for power generation,

and for a variety of uses in the oil and

gas industry such as drilling. enhancing
recovery, and hydraulic fracturing, Brackish
water aquaculture, also known as coastal
aquaculture, is a rapidly expanding farming
activity and could play an important role in
the overall fisheries development and food
security in the region. As such, brackish
groundwater use is emerging as a high
potential source of non-conventional
water in the Arab water-stressed countries.
Dawoud, et al (2019}, summarized the
brackish water reserve and use in Egypt.

Tunisia, UAE and Yemen as follows:

in Egypt, recent studies are indicating that
brackish water exist in all aquifer systems
with potential of about 325 million cubic
meters (MCM), however the use of this
resources is still limited to small-scale
agricultural activities and as drinking source
for people and cattle. Recently, medium
to large-scale farmers in the northern part
of the Nile Delta started to transfer their
agricuttural land to fish farms based on
brackish groundwater as a result of fresh
water shortage (Attiya 2010).

In the south Tunisia, the authorities have
been able to use reverse osmosis (RO)
technology to convert brackish into drinking
water. The government subsidizes the
private sector to invest in desalination and
considers this technology a key part of the
long-term national water management
strategy. Meanwhile, the government plans
to increase public sector installed capacity
from 44 MCM/day in 2009 to 50 MCM/day
by 2030 (World Bank 2009).

In UAE, the brackish to saline groundwater
aquifer potentially is about 650 billion cubic
meters. At present the brackish groundwater
use contributes with about 50% of the total
water use. It is used directly for irrigation

of farms and forests and for domestic

sector after using membrane desalination
technology iDawoud 2014).

In Yemen, the usable brackish water for
agriculture is about 300 MCM/year, mostly
for irrigating some tolerant crops in the
coastal areas. The total irrigated area

by brackish water is about 38,500 ha. In
highlands, brackish water is mainty used
for rock cutting industry, In Taiz city. the
brackish water with high salinity is used
for water supply by mixing with freshwater
for domestic use without any desalination
(Dawoud 2019).
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1.3. Water management

Water management is a process that
includes planning. developing, management
of available water resources, its distribution
in equitable quantity and its quality. Over the
past three decades, the water management
in Arab countries has been strongly
inftuenced by the idea of water resource
management. This process advocated

new approaches for the assessment,
management, and development of
freshwater resources which are represented
by further development of non-conventional
resources such as sea water and brackish
water desalination as well as wastewater
treatment Uagannathan et al, 2009}, Arab
countries are in either the arid or hyper-

arid zone, depend on seasonal rainfall,

have very few rivers some of which carry
runoff from other countries and often rely

on fragile (and sometimes nonrenewable)

aquifers. Consequently, their economies are
much more sensitive to the way that water
is extracted, conveyed, and consumed

than are the economies of other regions
{Jagannathan et al., 2009). Agriculture (which
utilizes 80 percent-go percent of water in
most countries will not enjoy guaranteed
water supply at past historical quantities.

If there is increased variability in rainfall as
has been experienced. Farmers perforce
will have to change water usage patterns

at a time when plant water requirements
(Jagannathan et al, 2009). Almost 85% of the
water available in the Arab region is used
for irrigation. Adopted irrigation methods
are not sustainabte and lead to cveruse of
scarce renewable water resources, which in
turn results in soil salinization (Sewilam et
al2015)

1.4. Brackish water uses challenges

There are many practical challenges facing
the wide use of brackish water such as
accumulation of salts in the root zone and
salt impacts on the well materials and pump
life time. Disposal of waste brine in case

of desalination is also ancther challenge.
Brackish water irrigation effect includes yield
reductions due to salt accumulation, high
cost of agricultural inputs due to the need
for deeper plowing and pumping costs to
cover the additional water requirement for
leaching. However, in arid countries, it is

not whether te use brackish/saline water

to irrigate, but rather how best to use this
‘resource” in a sustainable manner and with
as little detrimental effect as possible on the
natural resource base (Dawoud, 201g).

As a first step, the feed source of the
potential raw water source {brackish water)
needs to be defined.

The following questions must be answered:

* Are there any available brackish Wf“fi.b

sources in the vicinity of the demand
center?

* What is the quality of water, including
temperature, that is planned to be
abstracted from groundwater sources?

* How much water can be drawn from the
wells?

* Are the capacities of existing wells
sufficient, or do more wells need to be
added?

+ Are constant qualities of raw water
provided, or do variations have to be
considered?

Feed water quantity

After the amount of water to be produced
has been specified, the following steps
should be

carried out to evaluate the groundwater
resources in the area quantitatively:
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* Analyze potential sustainable yield of the
aquifer to be expleited using groundwater
contour maps (applying the flow-through
method) and groundwater models if
adequate data are available

= Conduct yield tests to verify the data and
fillin gaps

= Analyze the long-term impact of water
extraction by well piloting groundwater
flow maps and groundwater models (the
latest versions, respectively) should be
used to provide an overview of available
aquifers and the amounts of groundwater
extracted from them.

Feedwater quality

Next, the available water sources must

be analyzed qualitatively, Having access

to reliable water quality data is crucial in
determining the treatment requirements of
the plant Existing data can often be found
to get an idea of groundwater parameters
in the area. However, field samples are still
needed to be taken and analyzed to verify
and fillin potential gaps in the data. The
acquired data should then be verified by an
ionic balance check. This is done to identify
possible anomalies in the data of parameter
concentrations.

For purposes requiring lower dissolved-salt
content, especially drinking water, brackish
water is treated through reverse osmosis
(RO} or other desalination processes. The
energy. materials and equipment used for
RO desalination of brackish groundwater

is far less than those used for desalinating
seawater. RO desalination technology has
recovery efficiency of 60 to 85% for brackish
groundwater, Disposal of waste brine In
case of using desalination with RO is also
another challenge. Negative effects on the
marine environment can occur especially
when high wastewater discharges coincide

with sensitive ecosystems. Irmnproving
recovery efficiencies to 9o or g5% would
significantly reduce brine disposal volumes,
extend the supply of brackish resources,
and potentially reduce overall desalination
costs. Meanwhile, with climate change,
there are fears of serious impacts on social
and economic stability, biodiversity and
sustainable development in general. Lands
and people using marginal water -brackish
groundwater- are considered the most
vulnerable. As the quality of this water
becomes degraded. the impact on people
and the envircnment can be dreadful
{Dawoud, 2019).

Current commercial desalination
technologies have been developed

through large- scale applications in a
number of Arab countries (World Bank

2012). By 2007 approximately 54% of

the world's desalination potential was
installed in the Arab Region (Figure 2},
Today, member countries of the Gulf
Cooperation Countries {GCC), as well as
Algeria, Libya, and Egypt are the largest
users in the region, as indicated by their
total cumulative contracted capacity of
desalination plants {Figure 3). Worldwide
production of desalinated water by 2007
was approximately 44 km? a year: 58% from
seawater, 22% from brackish water, and 5%
frorn wastewater (World Bank 2012). The
high rate of annual increase in contracted
capacity is expected to continue over the
next decade. By 2016 the Arab region's share
of global demand is projected to account for
approximately 70% of the increased global
capacity for desalination. Of the 15 countries
with the largest conventional desalination
installations, g are in the Arab region. Yet, this
large expansion requires a review of present
policies and practices including how to
increase local capacity and knowledge.
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Flgure 2: Distribution of worldwide desalination capacity in 2007.

(source: World Bank 2012).

Figure 3: Contracted capacity of desalination plants since 1944 in m3/day.
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2.Desalination technologies

2.1, Employed desalination technologies in Arab countries

Commercial technologies used today process is usually obtained from the steam
in desalination can be grouped into from the water stream cycle of a power

two categories. namely, thermal and plant. MSF is a proven technology. even with
membrane {Figure 4). Thermal technology high levels of salinity, and can be built to
separates water from minerals through a very large scale. As thermal desalination
evaporation-distillation using multi-stage technologies are most commeon in these
flash technology; a very energy-intensive countries, being the older technology, Gulf

process. Multi- Stage Flash Distillation (MSF)  Cooperation Council (GCC) countries tend
desalinates by evaporating and condensing  to co-generate electricity and waterin large
seawater in various stages each time plants in order to increase fuel efficiency
functioning on lower pressure than the last, (Bushnak 2010).

The heat required for the thermal part of the

Figure 4:Categories of current commercial desalination technologies in Arab region.

| Thermal
MSF SWRO
™|  Multistage Seawnter
Flash Reverse Osmosis
MED BRO
™ Muhtiple Effect Brackish Water
Distillation Reverse Osmosis
| SESRCE
vC D
cﬂ:;z;bn Electro-Diafysis
NF
Nano_—FIItntlon
[source Bushnak 2010)
On the other hand, membrane processes, still dominates, particularly in the GCC
mainly. Reverse Csmosis (RO) pressurize countries, although installed capacity for RO
saline water through membranes that is growing {Figure &). RO technology is easily
exclude most minerals (Buros 1990). Usually,  scalable due to its high modularity, requires
membrane technologies are used when ne thermal energy and less or equivalent
electric power is accessible or when feed amounts of electric energy than distillation,
water is brackish water (World Bank 2012). M CC countries still prefer the thermal

In the Arab region, the MSF technology technology, however, because they use




the disposed heat in cogeneration systems.
More recently, hybrid RC and MSF systems
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are being used in cogeneration system.

Figure 5: Contracted desalination technologies in the MENA Region since 1944.

{source: Bushnak 2010),

The choice of technology used for
desalinating brackish water is dependent on
the level of salinity (ESCWA 2009). Reverse
osmosis is used mostly for higher salinity
brackish water, while electro-dialysis is
more efficient for lower salinity brackish
water (Krishna 2004). Figure 6 provides a
breakdown of the cumutative contracted
capacity by technology in the Arab region
since 1944. MSF process still dominates,
although installed capacity for reverse
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osmosis has increased recently. RO is
increasingly used because of its lower cost
and improved membranes (Lenntech 2014).
Hybrid technologies, such as MSF/RO or
MED/ RO, can be used in the future. to
increase efficiency when power generation is
required. Future large co-generation plants
may combine NF/MSF/ MED/RO if present
research and technical solutions prove to be
commercially competitive (Table 1).

Table 1: Classification of desalination processes.
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2.2. Current desalination capacity in Arab countries and future
forecast

Currently. desalination plants in the Arab continue to deteriorate,
countries have a cumulative capacity of
about 24 million cubic meters per day. The
highest desalination capacity {(Figure 6) isin
the Gulf countries {81%). Algeria (8.3%), Libya
(424) and Egypt (1.8 22 (UNDP 2013). Growth

is expected to remain high for the next
decade to meet escalating domestic water
demand. Desalinated water will expand from
1.8% of the region’s total water supply to an
estimated 8.5% by 2025 (World Bank 2012},
Most of the anticipated increase in capacity
will be concentrated in the GCC countries,
where it will be used to supply water to

cities and industry. More than 55% of the
water supplied to cities in the Gulf countries
comes from desalinated water; used directly,
or blended with groundwater. This share is
expected to rise as groundwater resources

There are a number of new desalination
technologies under development. These
new technologies include membrane
distillation, carbon nanotubes membranes,
aquaporin {biomimetics) membranes, thin
film nano-composite membranes, forward
osmosis, and electro-dialysis/deionization
(Elimelech 2007, Kim et al. 2010, Mayer et
al 2010, Zhao, Zou, Tang, & Mulcahy, 2012),
However, such technologies need further
research and development so that one
can claim that they hold great promise for
desalination of seawater. In addition, the
use of renewable energies, mainly solar and
wind, are still underutilized and need more
attention from Arab countries.

Figure 6: Accumulated desalinated water in selected Arab countries in the years 2010 and
20186.
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W 2010 H Additional contracted by 2016
{source: UNDP 2013). )

Arab countries, especially gulf countries, UNDP (2013) claims that although costs will
Algeria, and Libya, plan to increase vary with interest rates and energy prices,
desalination capacity from 36 million m3/ the energy costs of the expected expansion
day in 2011 to about 86 million m3/day in desalination capacity by the year 2025

in 2025 (Bushnak 2010), By the year 2025, can be projected using the cost breakdown
needed investments are estimated at $38 ofii\g:)ical RO desalination plant (Table 2).
billion, 70% of which are in the Gulf area. Assuming a 10% interest rate, the cost of a




unit cubic meter of desalinated water would
be $0.62 {UNDP 2013).

Arab countries desalinated around 19 billion
m?3 in 2016 and that is expected to increase
to about 31.4 billion m?in 2025, at an average
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cost of $0.525 per cubic meter. The annual
desalination costs are estimated at $10
billion in 2016 and it s predicted to be $15.8
billion in 2025, of which energy costs was
almost %4 billion in 2016 and will be around
$6.4 billion in 2025.

Table 2: Cost breakdown for typical reverse osmosis desalination plant in the Arab region

{UNDP 2013)

Cost breakdown for typical reverse osmosis desalination plant’ In the Arab reg"lqn_

Parameter | Cost ($ per cubic meter)
! Annualized capital cost (at 5% interest rate} = | 0180
Energy Costat $0.06akwh) . -+ . -loz10
‘Membrane replacement cost | oo3s
iLabour and Chemical | 0100
“ Total Cost ' 0.525°

* for 800 cubic meter per da-y capacity and 3.5 kWh ;nergy consumption per cubic meter.

2.3. Criteria for desalination technology selection

For desalinating brackish water in the
desalination plant all possible concepts
need to fulfill the requirements according to
the Plant Design Data Sheet:

* Production of the specified amount of
water.

* Compliance with the specified limit values
and other properties of product water.

To develop a desalination concept, the
introduced treatment technologies

for abstraction/ intake, pre-treatment,
desalination, post-treatment and

brine treatment need to be combined
appropriately.

For the exemplary concept development,
the following assumptions have been made:

+ The site identification is completed,

* The chosen site is suited for thermal and
membrane desalination (for this example).

* The site area is sufficient for the chosen
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* The feed source can constantly deliver

technologies.

the needed amount of brackish water.

* The desalination plant will have a
sufficient thermal and electrical energy

supply.

« Brine disposalis possible without further
brine treatment (surface discharge),

In the following example, two different
concepts for brackish water desalination are
developed:

* Concept 1. Thermal desalination (MED})
with all necessary technologies for
abstraction, pre-and post-treatment, and
brine treatment.

+ Concept 2. Membrane desalination
{RO) with standard technologies for
abstraction, pre-and post-treatment, and
brine treatment.

Concept 1:

» Abstraction including pumping/piping,
screening, and chlerination.

* Pre-treatment including sedimentation,
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media filtration, cartridge filtration, the .

dosage of antiscalant, acid. chlorine, and
chlorine scavenger MED desalination

* Post- treatment including remineralization
(limestone & dolomite) and disinfection

{chlorine or chloramines). .

* Brine disposal via surface discharge. .

Concept 2:

* Abstraction including pumping/piping.
screening, and chlorination.

Figure 7: Brackish water desalination concept 1

Pre-treatment including sedimentation,
coagulation/flocculation, media filtration,
cartridge filtration, the dosage of anti-
scalant, acid, chlorine, and chlorine
scavenger.

RO desalination.

Post-treatment including remineralization
{limestone & dolomite), disinfection
{chlecrine or chloramines), granular
activated carbon filtration, and air
stripping.

Brine disposal via surface discharge.
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Figure 8: Brackish water desalination concept 2
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The following assessment criteria, listed in
Table 3. can be established for a brackish
water desalination plant The list may be
extended or modified, depending on the
specific case. But most important is that all
points which are relevant for the selection of
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the process are considered. We can see, in
this case, the close tie with the project aims.
No single criterion should be eliminated at
this stage. If the significance of the criterion
is low, this is automatically considered by the
following weighting.
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Table 3: List of assessment criteria for brackish water desalination plant.

"Criterla ™V thuiel

::F.‘.;pilal’cnstsl
? 3 ‘ bparatlngb;l;la\dum
) e " Avallabilty
5 _man:y;fhmeprodua”
Lo 'iDt;pendan‘camstpﬁ-af
: l. 7 ;'s}aﬂ
8 _' : Emkwhpa;:l
9 . R‘efaré.nces -

- . e rew ety TR o
TKeywords T NI L T b i T Ty

Colowrad rejects, brine, waﬂes

B s

" Desafination plant, civll works, enargy supply, abstaction fackity, pre-treatment, post-
", treatment, bring treatmeant, brine dispasal, Infrastmucture

Depreciation, Interest, energy, chemicals, additives, pefsonnel waler transport, brine

_d‘-sposal waslo disposal spare parls

Nom-ml mode, slart-up. shuldown malfmc!ion wethaul standsﬂlpedod

o Reliablity. mbusln.ess. éompie)dty. redundancy, susceplanoa té lal'iu'e
boiler feed htar. drinking walter, process waler; rlgation, dangerous dmemicals
: Tubes, membranes - -

l Number, nacessary qualification

.. Large, medium and small units, lest plants

As shown in Figure 9, it may be recognized comprises of about 70% of the total points of
that the Capital Costs and Operating Costs assessment.

Figure 9: Assessment criteria

» Environmetal impact,

= Dependance on supplier; 3

s Quality of the product; 6

= Availability; §

Assessment criteria
2" References; 3
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Desalination is energy-intensive, so energy
efficiency is important in developing new
plants, as well as upgrading old ones.
Saudi Arabia uses a quarter of its oil and
gas production to generate electricity and
produce water in cogeneration power-
desalination plants. Assuming water demand
continues to grow at the current rate, this
share will increase by at least 50% by the
year 2030 (UNDP 2013}, Likewise, in Kuwait,
cogeneration power desalination plants
consume more than 50% of total energy
generated. The energy required to meet
desalination plant demand is expected to
be equivalent the country's current fuel cil
production by the year 2035 (UNDP 2013).
This means that the Arab countries cannot
keep relying on fossil fuels to cover their
energy demand in the future. Serious plans
and investments need to be considered

to integrate desalination with renewable
energy sources (solar, wind, tidal, thermal,
and waste bio-fuel.

However, as stated previously. desalination
requires a considerable amount of

energy. Using fossil fuel in desalination

is not environmentally friendly. Coupling
renewable energy sources with membrane
technologies are recommended in Arab
countries in the future. These energy
sources include:

s Solar energy

* Wind energy

* Geothermal energy

* Waves and tidal energy

* Hydro-electric

120
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The economics of using the renewable
energy sources in desalination depends on
the cost of energy as the cost of desalination
is largely determined by the energy costs,
which contribute by more than 30%.
Feasibility studies done by researchers

or developers in Egypt indicated that in
general, the cost of desalination using
renewable energy is still higher compared
to the cost of conventional desalination
based on fossil fuels. However, the costs

of renewable energy technologies are
quickly decreasing and renew- able
energy-based desalination can compete
with conventional desalination in remote
areas, where the transmission cost of
energy and distribution is higher than the
cost of distributed generation. Solar power
is a great source of energy, for example,
although desalination plants are already
extremely costly, solar panels are becoming
more and more affordable, Ofshore wind
power plants provide clean energy and
should be considered a viable power source
for desalination plants. The best way for
desalination plants to minimize their energy
consumption is by using renewable energy
to power the facility. Although it carries a
huge cost, desalination benefits people by
providing them with freshwater. High-speed
electrical pumps on desalination plants
consume more energy than is needed. If
desalination plants focused on sustainably
using renewable energy, it would be a major
step toward a greener environment.
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3. Emerging technologies in

brackish water desalination

Water desalination has evolved from the
traditional systermns of water distillation,

with high energy consumption, to the most
modern membrane technologies, especially
reverse osmosis (RO}, which is more energy
efficient and requires lower investment costs.
Although distillation technologies were
predominant in the past, the appearance of
RO membranes in the 1970s has completely
changed the desalination scene in the world,
and especially the application of desalinated
water for agriculture.

Water desalination relies on energy
consumption, which is the main cost of
desalinating water. Distillation technologies
consume considerable energy regardless of
the level of water salinity. However, energy
consumption with membrane technologies

depends on the salt content of the feed
water and of the product water. RO can be
adapted to different water salinity contents.
This flexibility has enabled the extension of
the use of RO to new applications. Electro-
dialysis reversal (EDR) is less flexible than
RO, and should only be used for special
brackish water applications in agriculture
{Buros 1590).

In recent years, there was a drastic
development and interest on new
technolegies that are considered to be

very promising in solving the ever-pending
water desalination challenges. There are two
technologies with great potential in fulfilling
the desalination requirements at very low
cost, these technologies are Membrane
Distillation (MD} and Forward Osmosis (FO}.

3.1. Membrane Distillation

Membrane Distillation {(MD} is a new high-
efficiency membrane separaticn technolagy
with broad application prospects. Depending
on the method used to treat the vapor with
a membrane, MD can be subcategorized
into direct contact MD (DCMD), vacuum

MD, air gap MD (AGMD), and sweeping

gas MD. The main factors that hinder the
development of MD are the availability of
the membranes for membrane distillation,
and membrane wetting. In DCMD, the
solution is in direct contact with the
hydrophobic membrane on both sides and
it is considered one of the most promising
membrane desalination methods because
of its various advantages, such as a simple
structure and large membrane flux, MD can
evaporate water at very low temperature

in at atmospheric pressure which make it

a non-energy-intensive technology. (Ali

et ol {2017)} studied the energy efficiency
of a DCMD device during the desalting of
brackish water with geothermal energy and
other low-temperature heat sources. (Zho
et al. {20210 considered the feasibility of
desalinating brackish groundwater using
the DCMD method and investigated the
effects of the feed temperature, flow rate,
and salt concentration on the performance
of the DCMD process. MD process is being
investigated to replace reverse osmosis

or thermal distillation for brackish water
desalination in Arab world. Figure 10
summarizes MD technology in desalinating
brackish water.
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Flgure 10: Membrane distillation technology

brackish
Water

MD has the advantages of a low operating
pressure (i.e, low pumping power demand)},
low operating temperature (heat source; 50-
g0 "C}, and a 99.99% possibility of separating
solutes and non-volatile substances.

MD is more sensitive to heat and it is the
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most economical and feasible thermal
desalination technology for low cost thermal
conditions. Furthermore, the consumption
of energy needs to be reduced by applying
effective energy recovery systems and
implementing mutltistage MD effect units.

3.2. Forward Osmosis

Forward Osmosis (FO), can be used to
produce water for irrigation. This type of

FO application is Fertilizer Drawn Forward
Osmosis (FDFO), as demonstrated in Figure
11, As Phuntsho (2012) clarifies, two different
solutions are used in the FDFO process:
saline water (as the feed water) on one side
of the membrane, and highly concentrated
fertilizer solution (as the draw solution) on
the other side of the membrane, The two
solutions are always kept in contact with
the membrane through a countercurrent
flow system. where fresh water flows from
the saline feed solution towards the highly
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concentrated fertilizer draw solution. After
extracting the water by the FO process, the
fertilizer draw solution becomes diluted, and
can be used directly for fertigation, provided
it meets the water quality standards for
irrigation in terms of salinity and nutrient
concentration avoiding the need for
separation and recovery of the draw solution
{Phuntsho et al. 2012). Although the potential
for such an idea is very promising, research
on this model has not received much
consideration until recently due to the lack
of suitable membranes.
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Figure 11: Typical FOFO setup
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FDFOQ is a remarkably low energy
desalination process. The only energy
required in the FDFC process is for
sustaining the cross-flow of the feed

and draw solutions in contact with the
membrane surface and providing sufficient
shear force to minimize the Concentration
Polarization (CP) effects. Figure 12 shows the
relative energy requirements for different
desalination technologies. The total energy
saved, when compared to other current
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desalination technologies on an equivalent
work basis, can be between 72% and 85%.
The performance of NH,-CO, as a draw
solution (DS) could vary from the fertilizer
draw solutions (Phuntsho, 2012). Yet, given
the fact that the recovery of draw solutes
from the diluted draw solution is not
necessary, the estimates in Figure 12 signal
that the energy required for FDFO will be
significantly lower.

Figure 12: Comparison of average energy requirements for different desalination

technologies
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4. Current use of bracklsh

water Iin agriculture

4.1. Direct use of brackish water without treatment in

agriculture in Arab region

Earlier this year, FAO presented a report
{FAQ 2023} that thoroughly investigated
guidelines and summary of the Arab
countries experience in direct use of
brackish water without treatment for
irrigation of agricultural corps. The Arab
region is faced with a wide range of salinity
problems and there are a number of
examples in the region of the successful use
of brackish water for agricultural production.
It Is important to emphasize, however, that
successful practices avoided the sustained
accumulation of salts through adequate
leaching, drainage and amendment
applications.

The region’s agricultural practices have
evolved through the experience of farmers
growing crops under their particular
situations of water availability, prevailing
agricultural conditions and economic
factors. Each country has its own experience
in producing crops under its local conditions
and each country has its own crop varieties,
developed through research and farmers’
experiences. There was a wide variety of
successful crops production in the Arab
world using saline brackish water as an
irrigation sources including  key cereal,
fibre. vegetable, fruit and forage crops.

The salinity of the irrigation water used to
grow the crops varied widely, from 1.1to 14
dS/m, albeit with different yield potentials.
Sesbania, a halophytic forage crop, was even

grown in Syrian Arab Republic with irrigation
water that was over 75 percent the salinity of
seawater (FAQ 2023).

The information provided clearly
demonstrates that brackish water has been
used successfully in arid and semi-arid
climates around the world, including the
NENA region, and that there is potential for
further successful use of brackish water.

The Arab region faces two important
limitations in the successful use of brackish
water for agricultural production. Cne is
that many places in the region lack the
infrastructure {namely. state-of-the-art
irrigation and drainage networks) needed
to apply the good management practices
necessary for brackish water use. Without
investment in the necessary infrastructure,
good irrigation management practices
cannot be implemented, Drainage., in
particular, is a key issue in the region as
many areas suffer from waterlogging, and, in
fact, the guidelines presented in (FAC 2023)
can only be applied in those areas where
adequate leaching and drainage are feasible
for only in areas with adequate drainage
can a salt balance be achieved. Another
important limitation is that many countries
lack the knowledge and understanding

of good agricultural practices for brackish
water use,

4.2. Status of brackish water desalination in the Arab region

Because of high costs, desalination 124
technologies are not simply used for

agricultural purposes. Athorough cost
analysis is essential in order to determine

°¢°a




26 The Joint Water- Agriculture Ministerial Council

whether water desalination may be feasible
to produce a water resource that could

be used to complement or substitute
natural water resources in areas with water
shortages. Yet, the current situation is quite
different from that of decades ago, when
brackish water desalination started its
development. However, more experience

is still needed in order to determine
whether water desalination is a solution

to water scarcity and especially whether
desalinated water should be used in
agricutture. That being said, it is necessary
to analyze the factors influencing the

water desalination costs of the different
desalination technhologies. Desalination
technologies have evolved in the last few
years, from being little used in the world,
limited to some oil rich countries where
energy costs are low, to now being used
globally. At the beginning, desalination was
only used to provide domestic and industrial
supplies. However, once this technology
had been improved and its costs decreased,
its application was extended to other
sectors, especially to agriculture. To obtain
an average cost of desalinated water. it is
necessary to consider three factors:

= desalination technology and energy
requirement.

+ feed water quality.
* product water quality.

First: Desalination technology and
energy requirement,

As agriculture is by far the largest consumer
of fresh water in the Arab region, small
savings in agricultural water use through
improved techniques will provide immense
quantities of water available for the
community and the environment. Besides
making irrigation water available using lower
energy from saline water sources, nutrient-
rich water for fertigation (Phuntsho, et af.,
2012). Fertigation has several advantages in
comparison to the application of water and
fertilizers separately:

+ minimum loss of irrigation water due to
leaching

+ optimum nutrient balance by supplying
the nutrients directly to the root zone

+ control nutrient concentration in the scil
solution

* saving on labor and energy costs

» offering flexibility in fertilizer application
timing

» suitable for application in mixtures with
other micronutrients such as pesticides

» accommodating and flexible technology
as it can be easily integrated in any
already-existing fertigation scheme

Second: Feed Water Quality.

For highly profitable out-of-season crops,
desalinated seawater could be considered
as an alternative source of irrigation water.
Generally, seawater is seen as the most
promising resource for desalination in the
future. This is because of the enormous
volume that this naturat water resource
represents and its availability. However,
brackish water desalination is also applied
in many areas. The economic feasibility

of brackish and seawater desalination

for agricultural applications needs to be
assessed. The World Bank (2007) forecasts
that more than 200 miltion people will
encounter the problem of water scarcity

by the year 2025 and that most of this
population will be living within 50 km from
the sea coast. In addition, technologies to
desalinate seawater and brackish water are
available and their efficiency is continuously
improving, permitting desalinated water

to cover the agricultural demand in these
areas. Distillation technologies can only

be used for desalination of seawater at a
very high cost. The flexibility of RO to the
salt content of the product water makes it
possible to reduce costs, an advantage that
is not feasible with the other technologies
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Third: Product Water Quality

The required salinity of the irrigation water
used to achieve sustainable agricutture
depends on a number of factors, such as
climate, crops, soils. and water management.
Therefore, the design of desalination plants
has to carefully consider the agricultural
needs, so that production costs can be
optimized. In order to reduce the Leaching
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Requirement and the quantity of water
applied, desalinated water could be used
for specific and profitable crops. such as
lettuce, orange, and pepper. In this way, the
cost of desalination would be less than that
of typical irrigation water. Figure 13 shows
irigation water costs in relation to the total
costs for some crops. This information could
be used when deciding whether or not to
use desalinated water in agriculture.

Figure 13: lrrigation water costs as a percentage of total costs as a function of the water

price.

B 8 & 8

-

o o

{source: Beltran ond Koo-Oshima 2004)

Saudi Arabia is currently the world leader
in desalination with approximately 26% of
global production capacity, followed by

the United States (17%). In Saudi Arabia
most of the desalination plants are based
on the thermal process (newly constructed
plants are different} and the source wateris
seawater. In contrast, in the United States
69% of the desalination plants are based

on RO and only 7% is seawater desalination
plants. While only 20% of the total number
of the desalination plants world-wide use
thermal process, 50% of the total production
capacity is based on the thermal processes.
The United Arab Emirates {UAE) opened its
Fujairah desalination plant in 2005 with a
combined MSF and RO preduction capacity
of 454,000 m? /day (Matsuura et af. 2011),

For Arab countries to make desalination a
suitable source of brackish water, the high
financial and energy cost challenges must
be appropriately addressed. As currentl
practiced, desalination is capital andje?']
intensive especially when using brackish

rgy
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water as a feed water. Costs per delivered
cubic meter of desalinated water are as high
as $1.50 and even $4 in some cases (UNDP
2013). The water is subsidized, however,

and scld for as little as 4 cents/m?in some
Arab countries. With improvements In
desalination technologies, production costs
are continuousty dropping.

Technologies such as RO, electrodialysis and
hybrids are more energy efficient and better
suited to different types of water. As shown
in Figure 14, the price of multistage flash
over 1985-2004 dropped from $4.0- $2.0/m?
to $0.50-50.80 (UNDP 2013). Similarly, the
current price of RO is estimated to be $0.99/
m? for seawater and $0.20-%0.70 for brackish
water (UNDP 2013). The World Bank (2012)
confirms that energy requirements vary from
3.5-5.0 kwh/m3 for RO seawater to 4-8 kwh/
m?3 for multi-stage flash technology. This
downward trend in the cost of desalinated
water indicates that desalination technology
is becoming more viable.
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Figure 14: Reduction in the unit cost of multi-stage flash desalination plants. 1955-2003
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While the unit capital cost in 2010 for
seawater desalination plants ranges
between $1000 to $2000/m3/day of
installed capacity (Bushnak 2010), the
unit capital cost for brackish water plants
is estimated to be 25%-45% of the above
unit cost for seawater plants (Bushnak

2010). The relative operating costs (parts.
chemicals, labor, membranes. thermal
energy. and electrical energy) of the three
main desalination processes (RO, MSF, and
MED) for cogeneration plants are illustrated
in Figure 15,

Figure 15: Operating costs of desalination processes in cogeneration plants.
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5. Impact of the use of

brackish water

The salinity of water and soil is a problem
present on all continents, impacting
ecosystems and agricultural activities,
notably in arid and semi-arid regions.
However, the growing demand for food, the
scarcity of water resources, and the overuse
of groundwater under the ongoing scenario
of global climate change have created

the need to tap into salt water resources

to maintain food production and generate
jobs and income for farmers in dry lands.
Therefore, it is necessary to use appropriate
management techniques and salt-

tolerant species, both aspects being part
of bio saline agriculture (Ma et al. (2008)).
Research also proved that irrigating with
brackish water will not result in sericus crop
yield reduction. However, brackish water
irrigation also carries the risk of causing

soil salinization and affecting the normat
growth of crops (Selim et al. (2012)), since
the salinity at the soil surface increased as
inter-plant emitter distances and emitter
depth increased. (Rahil et al. (2013)),
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recommended to use a short irrigation
interval (one day intervall when highly saline
water is used. To reduce the damage to the
soil associated with brackish water irrigation,
many researches have concluded that
adopting an effective irrigation system (such
as drip irrigation, sprinkler irrigation) and
strategy (such as high frequency irrigation)
can control the degree of soil salinity
accumulation and reduce the influence

of high salinity on the soil environment.
Moreover, brackish water can alter the soil
environment and affect the soil capillary
action, resulting in changes to the soil
permeability and water retention. it can also
lead to the accumulation of salts in the soil,
which will restrict crop growth and cause
physiological drought, affecting water uptake
by crop roots. inhibiting photosynthesis, and
altering the physiotogical characteristics of
crops. Therefore, the effect of brackish water
on soil and crops should be fully considered,
when using brackish water for irrigation.
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6. Capacity buﬂdlng and

technology Iocallzatlon

DI'ODOSITIOI'IS

Brackish water resources represent a
complementary source of the current and
future water supply in the Arab region.
Brackish water development requires

careful planning and management to ensure
their longevity in serving soclo-ecocnomic
development in the region. The following are
recommendations for policy actions:

6.1. Capacity buitding

The increase in desalination capacity

needs to be matched by an increase of the
capacity to develop, implement and operate
desalination facilities. Capacity to deal with
desalination projects is the bottleneck to
the development of the brackish water
desalination.

Capacity building includes making efforts to
find and support local community groups.
so that they can assist in identifying and
prioritizing problems and opportunities, in
assessing possible ways forward, and in
planning and delivering an implementation
{AL-Mutaz, 2001

Particular capacity problems with regard to
the desalination sectorin Arab Region are:

1. Inadequacy of information and data
resource assessment specially related to
desalination technology;

2. Lack of know-how and limited technical
capabilities;

3. Lack of financial resources for research;

4. Lack of appropriate national policies
regarding desalination in long-term
planning and the necessity of establishing
adequate institutional infrastructures

for the management of the operation of
desalination systems.

The initiation, formulation and
implementation of desalination plants need
organizational structures for managing
required activities at the governmental

level as well as within the utilities, industry,
research and development, and educational
institutes involved. The distribution of

tasks, functions and responsibilities

among involved organizations is required.
The function of these organizations will

be to ensure their design, manufacture,
construction, commissioning and operation
of desalination plants. Qualified human
resources are an important factor to maintain
successful of operation of desalination
plants. A plan for developing manpower
must also be established at the earliest
stage to develop highly qualified human
resources.

6.2. Role of Research and development (R&D) and technology

localization

Research and development (R&D) and
innovation are a central area of individual
national and international policies and

innovative strategy. Principally, it is related
toﬂé) policies' connection with education,
innovation, employment, information, and




business policy. Research and development
play a key role in generating new
knowledge, products, and technological
processes, which are a necessary condition
for stable and sustainable social growth.

If Arab countries want to become a more
competitive knowledge-based economy,
not only the production but also the spread
and use of knowledge need to improve. It

is essential to manage use and effective
transfer of knowledge among research
organizations, universities and public
organizations in particular, and industry
small- and medium-scale businesses which
transform it into products and services.

The rapid pace of technological
developments played a key role in the
previous industrial revolutions, However,

the fourth industrial revolution and its
embedded technology diffusion progress
are expected to grow exponentially in terms
of technical change and socioeconomic
impact. However, acadernics still struggle to
define its approach appropriately.

Science, technology, and innovation
represent a successively larger category of
activities which are highly interdependent
but also distinct. According. science
contributes to technolegy in different ways:

= new knowledge, which serves as a direct
source of ideas for new technological
possibilities;

* source of tools and techniques for
more efficient engineering design and
a knowledge base for evaluation of the
feasibility of designs;

« the practice of research as a source
for development and assimilation of
new human skills and capabilities
eventually useful for technology, creation
of a knowledge base that becomes
increasingly important in the assessment
of technology in terms of its wider social
and environmental impacts or knowledge
base that enables more efficient strategies
of applied research, development, ilg%
refinement of new technologies.
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However, a number of experiences involving
the private sector since the 1990s have
fallen short of expectations for all parties
involved and led in some cases to highly
politicized debates and international
arbitration. In particular, the expected surge
in the flows of private investment did not
materialize. The causes were often a poor
understanding of the opportunities and
risks involved by private sector participation
in a complex sector, as well as inadequate
framework conditions. This contributed to
catalyzing public attention on the role for
private sector participation in developing
and managing water systems, as well as
more generally on the conditions under
which water services can be provided safely,
affordably and sustainabtly. It also led to
rapid changes in the forms of private sector
involvement, towards less risky contracts
(service, management contracts and
greenfield projects), the emergence of new
actors {local and regional), and a growing
recognition of alternative small-scale and
very often informal private providers.

Past difficulties have contributed to revealing
the complexities of the water sector:

i} High fixed costs coupled with long-term
irreversible investments and relatively
inelastic demand tend to make it a
monopelistic sector in which competition is
difficult to introduce and regulation plays a
central role.

li) Water is a basic need. Water quality and
access have important externalities affecting
health, gender equality and the environment.
These justify a public policy interest.

iy The responsibility for water and sanitation
service provision often rests with local
authorities, Nevertheless, the importance of
the externalities, of taking into account the
full water cycle and of optimizing economies
of scale requires an integrated approach to
development and management of water
infrastructure and service provision.

iv) The sector involves numercus
stakeholders and suffers from segmentation
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of responsibilities notably across
government tiers and public agencies.

v) Investors in the water and sanitation sector
are faced with commercial risk. contractual
risk, foreign-exchange risk, sub-sovereign
risk, arbitrary political interferences, and
complex pricing policies with multiple
objectives, such as cost recovery. economic
efficiency, environmental objectives, equity
and affordability.

vi) Long-term relaticnships, limited
competition and irreversibility of
infrastructure and technology may expose
the sector to risks, particularly of capture by
vested interests.

Focusing solely on the private vs. public
dimension of operators might be misleading
for two main reasons. First, the obstacles

to water and sanitation infrastructure
development are largely unrelated to
ownership. Secondly. the “private sector”
accommodates a large variety of actors.
These include, not only the large networked
utilities run by international corporations,
but also local and small-scale actors and a
continuum of partnerships between private
operators, public actors and communities.
Most systems are increasingly hybrid and
rarely either purely public or purely private.
The partnerships are also in effect multi-
stakeholder arrangements as they involve, in
addition to the "private” entity. different tiers
of governments, the consumers and the
communities. Consequently, they can hardly
be reduced to a face-to-face relationship
between a homogenous public entity and a
single private actor, but can rather be seen
in practice as tripartite partnerships.

The R&D of the business enterprise (private}
sector includes all resident corporations,

including companies incorporated under
the laws and all other types of quasi-
corporations that would make a profit or any
other profit for their owners,

Developing local capacity and implementing
state-of-the-art desalination technologies
through providing financial and logistical
support are required. Arab Governments
should provide genercus support to help
develop and pilot test new desalination
technologies, such as Forward Osmosis
powered by solar and wind energies. This
can be done by awarding local and regional
universities with funds and generous
scholarships to research and test the
applicability of the new technologies. Some
countries (e.g.. Saudi Arabia) have large
allocations for science and technology
initiatives. It is still a challenge to see how
local universities will be able to convert

their intellectual research ideas to high-
value economic assets. Arab Governments
should offer financial support to allow

the establishment of desalination training
centers. The governments in partnership
with local companies should build and equip
such centers. The Saline Water Conversion
Corporation (SWCC) in Saudi Arabia has the
only desalination focused training center

in the region. In addition, the Arab Water
Council is spearheading capacity building by

establishing the Arab Water Academy (AWA)
and the Arab Desalination Technology
Network to facilitate networking. capacity
building. and cooperation among
desalination experts in Arab countries
(Bushnak, 2010). ‘
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7. Conclusmns and future

directions

7.4, Conclusive Remarks

In this report, a thorough investigation of
current brackish water status, treatment
methods and use are demonstrated. It is
well known that the region is a water stress
region so looking at every opportunity for
sustainable water supplies is the utmost
pricrity considering the food security
problem as well, so the region can be
sustainable in terms of water and food
security. This study discussed the direct
use of brackish water for irrigation as well
as the possibility of desalination brackish
water for agricultural and drinking purposes.
A detailed presentation of the current
desalination technologies is presented
together with the selection criteria of

the appropriate technology for a given

challenge. Both energy requirements and
environmental impact played a role in
hindering the wide use of brackish water
desalination, however the report presented
membrane distillation and forward osmosis
as a promising solution that can overcome
the traditional drawback of the weli-
established desalination technologies
especially in terms of energy saving as well
as brine disposal.

Furthermore, the report provided some
guidelines for propesed policy directions

in terms of capacity building, technology
localization and partnership between private
sector. public sector and other parties of
interest

7.2. Future directions

The following actions are suggested to
make brackish water a more sustainable
source of irrigation water:

1. Itis recommended for the governments
to consider brackish irrigation as good
agricultural practices. Brackish water
therefore can be part of the governments'
national policies and strategic integrated
lands and water resources development
plans,

2. Government might as well perform area
mapping for high brackish water potential
identifying their economic feasibility and
considering different hydrological and
environmental factors. This should be
coupled with developing knowledge base
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and technical and institutional capacity
building.

3. Concerted efforts by regional
organizations are needed to strengthen
regional cooperation and applied research
in brackish water development. Possible
areas of cooperation include capacity
building activities, data and information
sharing, and establishing knowledge hubs
to support individuals and organizations
working in brackish water management
and utilization.

4. Pilot scale brackish water projects could

be financed and constructed at potential
areas to demonstrate new technologies
utilizing indigenous regicnal knowledge.
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It is recommended for new desalination
plants to reduce energy consumption and
reduce carbon footprint per unit water
produced. Arab Governments might set a
maximum limit on water carben emissions
to achieve this.

. Implement newly developed solar

powered desalination technologies for
small and large systems. Arab based
technical sclutions and products for

solar desalination and cogeneration can
provide a strong economic base for many
countries In the region. Arab countries
need to plan for exporting solar power for
their future prosperity as much as they
rely on cil and gas exports today.

7. ltis recommended that the Governments

provide generous support to private
investments in R&D, tralning, high
technology venture capital, and
knowledge based local industries. Such
support should be integrated to achleve
desired national local econormic outcomes
and meet export targets in strategic
industries like desalination and solar
power.

. Arab countries might develop joint R&D

programs in desalination and renewable
energy such as wind. sotar, and possibly
wave and tidal power. Such programs
would maximize the value of new ideas
and research findings emerging from new
institutional knowledge centers.
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