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YI PRODUCTION OF AMMONIA 
Hjstorv of Ammonia Synthesjs: 

As mentioned in chapter I, synthetic ammonia (NH~) has 
become the principal source of all nitrogen fertifizers, 
particul~rly since 1945. At present, over 95% of all 
commercial fertilizer nitrogen is supplied by or derived 
from synthetic N!-fA: on1y minor percentages are supplied by 
natu:--a1 scc1..1~ r~t.rate, byproduct NH3 from coke-oven gas 
(us;Ja11y recovered as ammonium sulfate), calcium cynamide, 
and other mi nor sources. The rest of the ammonia proc!uced 
finds its use in the production of resins and animal feed 
~o1yam~des, polyacryionitrile,industria1 explosives and dye 
stuffs. The ammonia synthesis process was developed mainly 
by Fritz Haber starting in 1904, and by 1909 he 
demonstrated the process on a laboratory scale of 80 g of 
NH3 ;)er ho1;r(1). Carrying out the high-temperature, high 
press..1re process en a commercial scale presented formidab1e 
probiems wi~h the technology and materials of constr1;ction 
th~n avei~ab~e. :a'l Bosh, working with Haber, is gene~s-~y 
cred"ted with de~elcping the process-~irst in a pilot pl~nt 
and "':hen on a ccmiiercial scale of 30 tpd. Produc:~cn 
s~ar:ed i~ 1913 at Qppau,Germany . 

T~e chem~stry of the process is simple; the reaction is: 

:he rea~t·.,:::"1 ·.s -:·-:ot.hermic; the net heat of reac:.i0r. is 
abo~t ~~ • .:::.J cc.~,.'g-rr.ole at 13 =c \c-=-7 Kcal/kg -:;.f ~~H 3 ), 
!SSumin~ ~~~ :S :~ ~~~ SB390US State. ~~e net hea"': ,~·sa:~~ 

":.•-; :r·o;? :·0::.c:fo'."! : .creases y/i:h ~n·:reasir.g ~em;:>e;a~...;r-: and 
~a; be ~s~-20% higher at the usual operating conditions of 
~C·O - 500 ~C • 
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T!!!!r•tnc 1 "C ....!!... -1!.. 
200 S0.66 '1.5' 
2SO 21.J4 47.22 
:JOO 14.71 :JO. 2S 
»o 7 .41 17.71 
400 J.IS ID.IS 
4SO 2.11 S.16 
SCIO 1.21 3.49 
sso 0.76 2.11 
600 .... 1.3' 
6SO 0.J) O.ff 
700 0.2) D.6' 

Source: fr• A. T. Lar- ... I. L. Doda• l)t?l). 
a: T. Lars .. , ~ (lt24), 46:167·72 . 

.. 

PntiHre •ta 
-l!... ~ -1!!... ..!!!... 1,000 

74.JI ll.S4 ... ,. tS.J7 91 • .zt 
56.JJ 67.24 II.JI ..... ff.17 
Jt.41 S2.04 ''·" 14.21 92.SS 
2S.2) )7.JS H.12 7S.'2 11.46 
IS.27 2S.12 41.• 6S.20 19.12 
t.IS 16.4J JS.12 SJ.11 ..... s.,. 10.61 26.44 U.IS S7.47 
J.4S 6.12 It.IS 31.63 41. 16 
2.2' 4.S2 13.71 u.10 Jl.4J 
I.SJ 3.11 t.'2 16.02 20.10 
I.OS 2.11 1.21 12.60 12.11 

~ !! !!!! ~ 9!:!!!21 S.C1ccr, 4S:2'11; .,.., 
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The reactic.l does not go to completion; equilibrium 
conditions are such that increase in pressure favors high 
conversion to ammonia, while incr~ased temperature 
decreases conversion as shown in tab 1 e 1 ( 2) . Thus it is 
possible to obtain abo~t 90% conversion at 300 atm and 20~ 
c. However, at the same pressure but at 700 =c, equilibrium 
conversion is only 7 .3%. At a constant temperatur9 of 
4S0°c, conversion increases from 2.1% at 10 atm to 35.8% at 
300 atm and 69. 7% at 1 , 000 atm. However, the rate of 
reaction is very slow at 200 =c and increases with 
temperature, thus, a compromise must be selected between 
reaction rate and equilibrium va 1 ues. The search for a 
catalyst to increase the reaction rate has received much 
attention both by Ha~er and subsequent investigators . 
Haber's first studies were made with an iron catalyst, which 
was not very active. Later, he 7ound that osmium or uranium 
was much more effective, but these elements were scarce and 
expensive. Still later (abo~t 1911) it was found that 
certain impurities increased ~he activity of an iron 
catalyst. After severa1 thousand formuias had been tested, 
a doubly prc~oted iro~ c~ta1;st ~as selected that was 
?rCdJced frcm ~a3n&tite (Fe 3o4 J with additions of potassium, 
c.. l i..~n ha, and ca' c i urr.. ~ T:-ie mag~1et i "'.:e ~ s 'ed1..ced to meta 11 ~ c 
ir:m by the l-iyd:'"cge;~ GL<r~ng :.f~e ::·:.:eratiQ:1.) This ty;::e cf 
cata~yst is sti~~ the sta~dar~ ~~ter,a: i~ present ~se with 
some: ref ineme'!':S v:ith ;:>ro:::H!'tOters. :. f;.;r.da:"'le·::a 11 y di ffere~t 
1ow te~perature synthesis cata"ts"':. w~ich consist of 
ruthe~i~m depcs~ted on an act::e sarbcn sup~c~t. prc~o":ed by 
bari.;m, and a·~.a·~ :"'·:e:a: pr~fe""ab'.y :esi:...m has been 
deve1oped. ~~~~ :e:~~1ys"': ::=- ·:.1~~ry--e; ~·: b.; t.o :::s t~~:s 

ca~~~yst. Th's -a:a~ 1 s: 
. ~~~.;.; (.:~ .;.:.:-..:-~ ·: j,•:: 
~r~is ~ 1 ;..e r:= :?.4:.c.1is~ 
::~.('.:"'.") 

. _, 
~ ~re5s~re ~: -:-~~o a:~c5p~~:e . 
nc(i :ie',.. ~ ... sed ;:,y ~e ~ 1 ogg and 

Even w,th the bes: catalysts a~ai~ab~e. the reaction rate is 
a 1 i rr,i t ~ ng fact.or, anc conipromi se must be reached between 
long rete'ltion the which would require a 1arge, expensive 
con·-1er ter and c~nvers ion eff i c i er:cy. the usua 1 compromise 
resu ·ts in a conve:rs ion equiv l lent :0 · 7C:%-.90% of 
equilibrLm. s~~1ce e~~ilibrium ..J~,de"" ...:sus.i ope ... ating 
cQndi:.~cns rr.a1 :orrespcnd to :;:.<;;;-ZS'; :cr.._e,,.sicn,the acti..Oa1 
;:iay :ie ~7~-:'.0%, ~0" o:::··'.::lrri;::>1e • 

:n orj~r to ir~""O\e cJnvers~cn, ~aber cri;~~a:ed t~e ~:~:ept 
·::·<: t"•e ·?.ffr··~n:a sy·~:i-.-:s~s 1cop, :n vi:,~.:.""; t.~e s=.s ·~avi··; ":he 
c..o,...,;?.··ti:-r ::: ·~).::'~d to con~e•':;e rrost of :""~ :t~':1:)niEi :.s 3 
·-:~.1~~ ~•h-i:J1 '.·::; r-:rrovec fro'.11 ~:ie 93s. P·en ti-.~ re-ra,··,:.,S 
·.:~.:.~ ~~·'"''·~a:~2c •,·"': a~j :..:,,) ·.s ---=~-j~~ec a~,c ... ~~L..,··-~c ::.; ~·-~ - ... 
::.;·1.:~--e5·s =~-.~ t~' w·~r-· f··~sh 5;~"'~res:5 -;;:t:.. -·-= :-.":: 
--~c-·g·1;:e:J t··a":. r·.,:...:. 1·: -::f ":..~e c0c· ~''9 c::>u·:: !:-= ::s,·e :::> >--=:=.: 
~-r_;..,.i·~se b~t-""='-:···; ~i·.e .:.o:i~ gas .:·r:eri~19 :~·e :cn\-a!"~€:--- ~n::: 

:he :-,::t gas ~~a\ '09 it . 
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Thus, the basic principles of the ammonia synthesis process 
were well known to Haber and his co-workers and serve as the 
basis of the modern ammonia production industry . 

Data from the Haber 3osch work did not become available 
outside Germany or outside their company (BASF) for many 
years because of company secrecy and the 1914-18 war. A 
Haber process plant built during the war at Sheffield, 
Alabama, U.S.A., by U.S. Army Ordnance was based on 
information obtained by U.S. Inte 11 i gence. However the 
information on the ammonia synthesis catalyst was not 
complete, and the plant did not operate (3). After the war, 
the U.S. Government established the Fixed Nitrogen Research 
Laboratory to deve1op the necessary technology, a~d in ~921 
the first synthetic ammonia plant was buiit in the L'nited 
States by the Atmospheric Nitrogen Coro., Now Allied 
Chemical Co. By 1932 there were 10 ammcnia ;:>l~nts in the 
Uriited States with a total design capacity of 287 ,000 tons 
of N per year . 

:uring the ear~y years o= ~or1d War r:, the ~.3. ~overr~e0: 
realized that, if the United States became in~olved in ~he 
war, its fixed r.itrogen supply would be inad-eqL03.:e to ~e:~ 
t~e demand for munitions. As a result, 10 mo~e p~ants were 
built with a tota1 N capacity of 595,000 ti:y. D;.1ri'1g <:,;,e 
late years of the war and the years fo11o~~rig, :r.e o~tput of 
these plants was diverted to ~ertilizer, pri~arily ammonium 
nitrate. The de~and for fertilizer increas&d ~apidly, and by 
!965 there ware 53 ;:ilan:s :n :he United States w~:'~ a.r. 
est i 'T1ated anr~31 ca;:ia:: :; :-7 3. E- mi 1 ~ i en <.:ens cf r;. '-'::tj :.r 
~r.1;:>,..ovements ;,, ~:r,..:>~"";;~ .. ~ .... ~.:u·:t.io~ tecr:(L:}~:"~J \-iO:"'"S ,,., ~;a:-e 

and 1950s and (2) :~e deve·o~ms~t of ce~:r•f~ga~ co~~rsss:~s 
in the 1960s. ~hese deve~o;:iments, in combination w:t~ 
increased scale, prosressive"y 1owered :he c-:ist of lrr'l'.C:'i'.a 
and of nitrogen fertilizer. In 1974 wcr~d product'on 
capacity was estimated at 52.5 mi11ion :o.,s, :n 1991, ~:1e 
wor1d capacity had increased to 112.3 mi11io1 metric ton and 
forecast capacity after 1996 is 137.308 mi~~i0n ~e:ric tcrs 
of N. ( 38) 

Most cf :he ;:ila~t; built before ·945 were b~sed O'I ca:~. :n 
t:1e origina~ :.iaber ;::irocess coke was used i-i a water-gas 
ser.erator wh'ch cpe'ated ~1 a cycle c.:: "b~:M" a'lc ··,-~~e··. 
:n the blow cyc:e ttr~~ cc~,.:: was :urne:: v.'.t~ 21~r ~~~:-:· : ... .,._. 
temperature of tl-·e co~.e was i r'lcre :\sed :o :i ~ .. :c.: ~.;. · e·. ~ • 
(:i!::.l0ve 1'.)C•"J "C). T>er :1r.e air.w;;.s '::..·~-=-= c.,.::.:: ;~·d ::-:-.~·· 1·::: 
~~ovm thrc..ig'l t:·!e :-,:_)-:. c.:-:...~ ~~d .::,.,..,.i:·s :: ~n: -, ':.1 ::·.: 
~ater-sas r~~ct:o~: 

- --~------ -.-
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The reaction is endothermic and quickly cools the coke bed 
to the point that it must be reheated by another blow 
cycle.The "make" gas typically contained 50% H2 , 40% CO, 5% 
N2, and 5% co2 . To provide the necessary nitrogen separate 
gas producers which a 1 so used coke were b 1 own continuous 1 y 
with air to 0btain producer gas containing 62% N2 , 32% co, 
4% H2 , and 2% co2 . The two gases were collected separate1y 
in gas holders and mixed in the proper proportions to give 
an N2 : H2 ratio of 1:3 in the final synthesis gas. As an 
alternative, the gas producer could be blown contin:..iousiy 
with a mixture of oxygen-enriched air and steam to produce 
gas of the desired composition. In some later plants, such 
as the TVA plant built in ~942, a semi water gas process was 
used in which the "make'" gas was partial!y oxidized with 
secondary air thus obviating the need for £eparate air-blown 
gas producers. In this case the .. make" gas contained 36. 3% 
r. 2 , 21.8% N2 , 36.2% CO, and 5.5% CO?. The nitrogen content 
cou1d be adjusted to that stoichio ... metrica11y required by 
adding some of the blow gas. ~xtensive c1eanirs of the gas 
\"as required ~o remove dust, sulfur, and other impurities . 
-~e gas ~as ~c~pressed in se~era~ stages with purif~cation 
s:e~s in between. The first step was the "shift reaction" 
c: co0vers~on of CO and steam to H2 and co2 . 

Tbe next step v.as co2 remova i at about 25 atm by ·"ater 
scr-.;bbing. A third step was removal of res~dua1 :o :::.y 
scrubbing with "copper liq~or" (copper acetat~ and formate 
so'!ut~on) typicai!y at a:>ou: 2G:J atm. -•-.e ~i-~a• st~3~ .-;=.s 
the a~mo·i~a synt'ies's s"':ep d9s::.,..~t-ed p~ev-:o~s'y, ;..':':'·, i·S.s 
.,:,:r-~~1.:C OU~ at v3r ;C_.~ .. p·-"?.'::-SL•"·es ~r"C~ _:: .. : .... "'I • ,,:::: 3.':'.r:, 

T'"ie total energ1 corsumed by the ccke-b~sed process for 
fuel, feedstock, a~d mechanical energy was SS Gj per ton of 
~H~ as compared with about 27-30 GJ/ton for modern r.atural 
sai plant. The labour requirement was about 1800 men ~ersus 
50 for the moder~ plant.a . 

Ji .... ect use e:-.. cca 1 or 1 ~ g:1 i te as feeds toe~:. ..ias ::i.::.;;..;:1 as 
aar11 as 1 926 us~~3 the Winkler gasif~er. ?art'a1 oxidation 
of :-1eav1 fi...el -:::· 1 was develo;:;ed, 3"1C stearr. refc~·rr.1:19 of 
~atural gas 3nc ~:ght ~ydrocarbons was ~sed com~ercia~~/ i~ 
·3~0 bvt d':f r·~: :.ec.cma ;::>Opu~a ... 1.;r't~'j :.he ~?S:s. A.': 
~re3ert, st~a~ ~e~orm:~g o~ ~at~ra1 gas aAj nap~tha is 
·=s":~!""ate-:l :..:i .::~:.'.rt .&-y· :·•e,. ~~~:;.fall ariT.:.r:'a ;Jrcc ... ct.~0:1 . 
~:; .... ~ ·::r~~r re.:d.;J_:.;.::s ~~ .. :;- ::= 1·~.;.;f~ed p~tr-o"'eu11 gc.s (t_:J.3~ 

.:-..···c: r;._·f~, .. e,·; ·"" g .. ts -=- ... ~ ~r-t::a:ec ~j -~:~~~ ·-.::-: 4 ~"r; .. ~1·;; 

~~,·~re ... -=, 4:,:..-1~ :_::".t~ ?."""1r:·1 ... a p~:,.:1.. .. ct·o·'. ~)' :·· ... 1-"s r.1~~r"'.~j n1ay 
..:: .~; r!l-:'"l :1:: ::·.-;-.-=.:;··-::-;it ;··:1>:irit; C·.c ·'.:1~ ~Y".O'.i;a ~·.:"'':.3 

~~~.a~ ;; ,. e p .. a r · '~:: -:J .~ .: ~ .e v t" Ce,... I :. : ·~st r \,.t ct i on ..,.. i ; l use n ~tu~ a i 
·~:!!;;; ~;·1-:~ef:r-e, :»~ s;·.,J··t-:~ ... ,~, :rt::roj wii1 be :.:-ward 3reat~r 
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use of this feedstock.Natural Gas supplies are higher now 
than ever before. China and to some extent India are the 
only countries using other than natural gas for ammonia 

The technological improvements mentioned above and other 
improvements too numerous to mention, coupled with increase 
in scale, have resulted in a steady decline in ammonia 
production cost from over $200 ton in 1940 to about $30/ton 
in 1972. After 1972 the trend was reversed and costs have 
risen, mainly because of increased cost of feedstocks and a 
sharp increase in pl ant construction cost. The increased 
construction cost was caused primarily by increased material 
and labor costs and partly by more complicated h~at and 
energy recovery equipment which became necessary to conserve 
expensive fuel. ~ore stri~gent pollution control 
regulations also were a factor . 

Before the change in the energy prices in 1973, the erergy 
efficiency of ammonia plant was not considered very 
important after the energy crises, tne f1..oel prices have 
increased to a m~ch higher 1e~e·. =c~ exa~p·e i~ the united 
states in 196Js 8J% of ammcnia ~-·oj~c:~c~ c~st were capital 
re 1 ated now 70% is the gas cc-s: a 1-:>r,e, t'le proport i en is 
even greater is = .... '.'"ope. Tht:s :.1~-: te-chno~cg'ca 1 improvement 
whic~ occurr~d from early ·970 ~nt~1 ~oday emphasi:ed 
great~y on improvirg t~e exist~~g conve~t:o1al processes to 
obtain a better eff'ciency. 7oday's anmonia plants claim to 
consume energy betweer. the range of 27-3C GJ/to1 Mi ~or 
~concmics which ~ere ~ossible by increase i~ ':.he scale above 
iC00-1:200 t;::ic '":re a~so tr'~d. :;:.~ :a~ad::, :;,urr.any, ~L;ss~a 

'ind ·.:sA, p1ar:.s w~t> ·-ated :a~a:'':y aJ:>.<: ~cOJ tpd are i•1 
oper:ltion. :'e~·g·'s ~'.~ :.'lva:·~c·e for ::·:·CJ ':.~d o'a.,ts ::_.': 
•J:1e·r ec.J~~o:::..:.~ls ~ .. _ :--e-:.-=r'":. 3.~-: d·::~t":f--~ 

=u~·v1e'." tech1'J·:is:ca! im~roverren!s a:--e e.·~ected, but r··:-~~e 

are foreseen of such a magn~tude as to reverse the present 
~pwarc cost trend due to rising fue1, feedstock, and 
construccion costs.may be in future one 2COO tpd zoo mid NH 3 
plant becomes more economical than two 1000 ~td plants . 

Steam Reforming Processes 

!he rmochemi~.al_Q.a!:a 

Sine& steam r~f0r~irg processes acco~~: for ~~er ~:~ of :~e 
·11orld's a:",rnc·-:~~ ~rojucticn, ':.his type :,.c p..-:::ss wi"! ::.e 
described 'n m:>re do:tail tha., t"1e :t:-1ers. =~g~r-e -s a 
b~o~k f~ow c~art 07 ':.he stea~-:--efcrT~~; ~~oceEs us:~g 
nat~ra1 S:tS <::S fE:e:! 3~J·::~ :t s··.:,\.".S ::..-~ P,..:,:·:i~a .. 
rea.:~io~~~ a·~c ~>·~:i:.:" ~~-=3s .. ,,...~ ~-:?.~~~. ·,.;. 

' 
·~o;.; ... o + 

' .. 
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ff ()If CHA/IT ()f A!IJl()N/A SJiYTHESIS 
( STEii IEFllll#,, amJL '~~} 6 

,.,. ... 
;as Slt&a Ill ... "r' ... 

IPPltl!llTE il(llW. IE&CT!OIS i • i 
lfllh..; lC.. • •rl .... : - 1': • S11 • ICI 
1!1Cli:05 11,1 • "'ID1811( C:...S.!•1 • 1111 

ca ••,a - ca .. 11 
19-Clllfl ..r lflCl'ltll . .... ,. 

I :iz ·-· " "Ullt( lfl• 

I 
.su1uc. •ecuws .. ISi 1 

:e,:fllenl • 111 - u, • zo,t 
I a •"llC81+ia1 -c1, • •r• 

{!l·UUll-• lflCTltll) 

'iCKtf F-trU 
••f9Cllt ...... •:tfllf -.--

o:;t·!H 
•:. !•! -1•, II• _.__ 

• 1=-. .. 1:'?; • ,,, .. z; - ·"·"r r::: ....... :;.,fiau :.fllrUi, l{IC~l(.U 

Figur-e-1:F1ow c1a!""t of ammnia synthes~s(SteaT. refo!""!"lin;i c-f 
natura 1 sas. ) 

'Jsing the standard r-,eats of formation, tr»= ;..e~: of 
overa~~ rea:tio~ may be ca~cu~ated as f~llc~s: 

... ·- -...... c 

kcal, Total 
for Above 

Reac~ kcal/g mole Eguation 

CH 4 (g) -17.89 ll 7 = -125.23 
ff2•">( l) -68. 32 ll 10 = -683.20 
Nz(gj 0 0 
02(&) 0 0 

Total reactants -808.43 

ProduC'ts 

!;H3(1) -16.06 ll 16 -259.96 
C02(g) -94.05 ll 7 -658.35 

Total products -918.31 
Net heat of reaction -109.88 

ihus, the c-. era~ 1 

ab)u~ ·rn r':a· f~r 
-::.-i: 1;quid s:ate 

re a c t i o ~ ; s e .•: o : i'" e .. rr. i c ~ .­
~ ~ e eq~ation shown at~.~. 

c,· abc-...;t 3C ~ca~ fo~ -.:-.:3 
r.::!c:ior, as w.-it~er, ~··0j~ses 

3 .Jr. alf.~1:: ... .: ;. , :. f. e n.::: he;;:. t ,.. e • .; ~: e.: :: :t : ~ f: .. .:: :. : : · 

t·: .:t~o:.;:. ~c.:,:'C'·C :.:..:\•/tor.'): ~iq;.;cc :-i·".:1···.:. 
:..:.;:i/tCri :r D~~·~)US ~~.~J'1i3. ;,.:, r:.,.~t :l _· .. :;··~:, 
::~··1trar1 t.J :··,e se~er: . ., -:..uri:..-:::.: .-~·' :;-,~~ -:-,..·:,· ~ 

: '. .;~·-· 

:irr~u,.·t ( 7 s-·· j·~s) : ::....:. '"'="..: ,,. ···~:. 

, ; ... ,:::: - ~- ""i 
. --- . -

-·· - .... ~ :.=: . 
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uses as feedstock a material that could other-wise be used 
as fuel . 

The various steps of ammonia production are carried cut at 
different temperature 1eve1s ranging from o to 1200 °c; 
thus, fuel must be used to heat the reactants. Whi1e much 
of the heat is recovered, substantial portion is 1ost. As a 
result, natural gas based conventional ammonia plants with 
the most efficient heat recovery systems n quire about S.6 
mi 11 i en kcal ( 36 GJ) for f~e 1 and f eedst,:c'-< ( 6) . This 
requirement is based on the low heating value (LHV) of 
methane, which does not include the heat of ccndensa:.'~P of 
water vapor that is formed in the combustion cf met~ane. In 
addit~on, a substantial amount of electrical er.ergy is 
re~uired (20-50 kWH/ton) even though most of t~e mec~a~ica1 
energy is supplied by turbines driven by steam :~at is 
generated by theat recovery in the process. Today's a~monia 
plant is said to be a state of art optimized plant which 
~nc~~des a number of energy optimization ste;:::s. The to:.al 
-:ner91 ccns;;m;Jtion of a today's amm"Jnia ;>~ar.t is ar-o:.Jnd 
6.92-7.2mkca1 Or 23-30 GJ/ton cf ammonia which incluc~s t~e 
r~cha,oica· po..-.::· aisc.7ab1e ::. si·:own t~,~~ca~ :.err;Jo:·.=:t.;re 
·eve 1 s ~ n :.r1e s:.eps of NH.3 production by stea11 refc.-rm' .- :; of 
:-;at"'ral gas, ':.ha main reaction cccur-ring •r"". ~a.ch s:.::. ~r.d 
':.i.-1e standar-d :•ea7.s of ~'"le reactions. It wi • • ~e- r.::::.e::: ::--1a: 
a 11 the r·eact ions are exotherrr.i c e~·cept ~;;e s~~arn ref ,:;i ~~~ ~ ~g 
of mett;~:~-= . 

Tab1e-2, 
Reacticn 

Slr? 

Sc.e .. rcCor•in& 
b 

Sec .... ry reforininab,c 

SllUl rHclion 

Carll'oe dio• ide rn1ava l 

llellla ... tion 

Mmoni• 1y11tthesi1 

~ii condensalion 

Temperatures, 

lteactiOft 

c11. • H,o • co • JH1 

C11 4 + 1/2~1 + (2N1 ) • CO + 2112 • (2N2) 

CO • H20 "' C02 + 112 

(Pllyaical 1eparolioft) 

co • 381 • 01. • 1111) 
C01 • 4Ha • Cll. • 2K10 

3112 • N2 • 21111, 

llll2(1as) • 1111,(liquid) 

Typical 611° 
Tnip., •c . . 

kJ/r-le 

790-120 •206.2 

900-1200 ·JS.6 

200·4SO -91.8 

70·10S 

2S0•4SO 
-206.: 
·16S.O 

300-SOO ·91.I 

JO lo ·30 -21.0 

•· IW•t of ff".tc:Lion takf'n frM re!crencc ill; • 1i1• indicates he•t •baorbed; - sian indicates heat released. To 
coftwrrt to kcal, •ultiply by 0.239 • 

b. For •i•plic1ty, a 1&n1lc reaction is shovn for the reforecr step which r~prcsent1 the predot1tin.1rat net rcactioD. 
llovevcr, the chc•11try is IMICh iaore comple•. In particul•r, • 1&1nificant a.aiunt of COz i• foribed in the•• 
1trp1. 

c. c .. plet1on o! re•<l•on I also tokes pine i• accond,.y refor•ina . 

. .. .. ~-- -
-;. E:' ;::for-:, 
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comprises a large proportion of the ammonia plant cost . 

Eeedstocks for Steam=Reformjng process 

Natural Gas: As mentioned previously, natural gas is the 
principal feedstock for ammonia production; it currently 
.'\ccounts for over 75% of the world's ammonia production (6). 
Natural gas is c1assified as ·associated" or non-
associated". Associated gas occurs with crude oil, it is 
liberated from the oil when the pressure is released in the 
oil-gas separator plant. Its compositio:i varies with the 
pressure at w~ich tre separator is o~erated. Since wethane 
is the most volatile, it ca!"l be released at a relatively 
hign pressure, a se~aration can be made in which methane is 
~eleased first ~nd the less volatile gases, ethane, buta!"le, 
and pra~ane, are co1~ected separately . 

The higher r.ydrocarbons usually have ::i higher value for 
petrochemical product~on or for sa~e as 1iquified petroleum 
;as ( l..?G) ~hc..n metha:i-:.. iher~fore, ~ n r.iost cases, t::ese 
products are so~ c separate I y, and t.r,e ~erm "n~:.ura ~ g.:.s 
'""sua1!y refe~-s "_·;, tf!E ~ractior·~ ~;..:a: ::.c~-:~a~~s r.tos:.1y rn~t:-~r-ie 

with .J:'1·y :,--rail ;Jercentages --..-~ etr1ane and ~-:ig;·,er 

hydroca,·b·.)ns. =o.- .;s: as ~r-i:no·' "i ~ fee-js:oc~., ~eth~:'-= : s 
prefer~b .. e :.:- t~1~ ~ .. _~gher ; .... ;droGs.r:;c···s .=i~1::e a~~ car~:.:~ -~1 

the fe-~-js~c 1:~, :s c·:~~·.:er:e=.:: ':::> .:a.r:: .. .:.:~ ::~o.·~Ce or rr.or·:·_,.· . .::e 
be .A.~-.~ - . - ~Gm~n~a synthesis sas. 

Tr~eref 1:>re 1 t~·e 1ow-9r :.~ .. :~ C-::~b-~~1:>~yCrJge:~ ~~tic :~1 ~;·:e 
feeds~cc.> .. , ~.:.:·1 e sr:=~·-=.,. :;,·)d ·ess ~·,JO:~!~:.,e ~r:e ;Jurifi:.:.: ... ~n 
u~its •,_ -~~ ~;-~~~s:~ sas ~r~~a~~~~)~ w··~ b~ . 

:: - :-.·- ~ 

:~.~e::s~:~.:::: · :-.; ---~ :.:-:; ;""_.::-·: ... ~r4:. :;:::. .. :~·:i; i...,.-.;~ p ... =.~·:-: ·1-&'8C5 • 

:.: /-: ·.:t r : :--_; .J : • :: ; =: : .J.., • ~ ~ ~ .... ::: ~ : e: -: f • : 2 ·.-. · -= ··ea::: , ~ ~·1 e f) r ~ ·: _. c. t. : c n 
,.....,~ ~~,_.:-.,~~;;. :.... ·-c.:!'-,,,...,r ... ·-~ ... - , ..... -~ .... ~--~ ... ~.'\~ pro,..· --cs ;::t .--2 r~ .. "" 
V .;l:11!.l...,t1 .• .,.. ·-,; -· .). ~ ~-··I\:;; , - -·ll,oo6.,I- v--- - _,.,. !'I....,. 

rat i 0 Qf 7: ~ s :.:::.c ~~ ~ ··;g ~c the ::.pprc ,,, i rriate equat i : 1n given 
ear11~r. :.r--:1s .:.ase ~t ,.,c,_,·d be advantageous if tr1e 
natura ~ gas -:.on ta ired enoL;gh ""'· ~ •:;iier hydrocarbons to supp I y 
encugi". ::., ':~r ~re::s pr~:1.;.:::.ior:. ""'."his is -:i-=:.en >:)·;e case as 
sr.cwn 01 -ti-:.: -:.•a,:ip~e of r.atur;;~ gas corrp:.·sitiori qiv.-:n ~·: 
t:.b:e-2 . 

TABLE 3. Cotft'OSITION Of TYPICAL NATURAL GAS 

\ by Vol~ 
As Ddivered 

Constituent At Wdl-Hud bl'. Pi2eline 

CH 4 75.9 93.3 
Nz 2.0 
Argon 0.4 
C02 7.3 O.OJ 
H2S 8.9 < 5 PJlll 
Hydroc•rbon1 

C2H1 ).) 3.3 
CJHa I. 2 0.9 
C4H10 0.8 0.2 
C1H12 0.5 0.0J 
C1H14+ 2.3 

8 
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As an alter~ative, extra ca2 can 
d:.Jring the corr.bustio1 ~f fuel in 
this alternati~e •s re,3tive1y 
::a~ance c~::-:> :s t·.) ~ur~1 c.bo~t 5~ 

absor:,e:r. ( -i. ~ -L.· r-.;:orr1er f ~e ~ ) 
efficiency b~t a b3lanced plant . 

be obtai~ed from stac~ 
the reformer fJr~ace, 
expe~si1e.~rcthe~ ~av 

':)r tr.e gas af:e~ ~~e 

Re~: ... 1t ~s a s~1a11 ~css 

sas 
bl.it 

t.::> 
C·J~ 

I~ the past, associated natural gas has often be~n resa~~e~ 
as an urwelcome byproduct of pe:roleu~ prcduct•c~, a~d :~is 
~ sti11 th? case :n s:irr:e :.c:;...ntr~E:s ;,,-(;e(e :.r.e,...e .s ·~o r.i.:a:·,s 

ror eco1cmical reccv~r; er JSe. :n s~c~ :ases t~e ~~s ~ay ~e 
pum;Jed bac;~ ir.~o ~:;-:? oi~-t·.:ar~ng for~at~on :.o ";::r·e~s~r~::e .. 
it a~, ":hus, augn-=.:~--:: ~~-.e f..,c"' cf oi1, er- ~t r.1a~; t~ ··7~2.red"" 

1.e. wa3ted b) burnir~ in ~~e1 air.The a~ou~t cf ~a:.~ra1 3a; 
t~·:c.~ ·'- f'1c.;.~-ed -s st.6j~t.::.ntia1. ::7forts are ·~.:·r3 ::.::_je ~:; 
J':i .. ~:e ~t b; es~a~~isri.:ng a~mc-·1ia., mt-~r·~ .. n~;, .;w- c-tr-:er­
p~:rochemical p1an~s o~ enersy-int~nsi\e ind~s:~ies s~c~ ~s 
3~v~~n:Jm ~r~~~c~ic~ c~ by 1:q~efying t~e gas ~or ;~:pTe~t. 

:-:c..,-=ver, 
. !'" ~-=-~ ..:::·; :i -
- - - -..... :_ ..... :.: .:.s: _ ... -

-- ... ·- ·. 
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fo~- arnrr:oq~;.1 pr~C: ...... :~~.Jr"; sc~e .Jf ~~-~·3.: s:;L..r·::~s ha·,~ ::E:-.;'1 

do:::::::,~;p:;s~·,1c·1 0f t.:.;':.e o,.~a,1:-: 

(v•?g-etaj1.,: i:.~~ .. ·_;~:;-:~c r.atE:-~:-:t15~· 

• :. ~ = :: :;:. ·J'.J r c -:: ~: 

r ~· ,. T ~ "' ; r; ·'3 ;,., ~ ·"\ 

.... , ,;. . ~. ' ... 
,... - - - I "" 

. . c 

. . 

- - ~ ... 
... 

I ~ , .- -· .~ :: ~ / 4 f :_ .' - .~ 

~ .. 

.-.., 

_. 

.. -:.. •'I \·. :-

IV.:., .... .:: -'-· - ... - ' 
;:;:.. ,__··::-:: 

.- .-

" , .. ~ 

.-
.. ~~:;:. 

: 

9 



1 .... 

• • • • • • • • • • • • 
~ 

• • • • • • • • • 
• 
• 
• • • • • • • • • • • • • • 
ft 

disposa but by some estimates b~cgas produced from 
~egeta: ve cr~ps would je com~e~it've or cheaper than 
a1ter~3te ammonia feedstoc~s s~c~ as co31 or ~ap~tha . 
:·euiane is produced :!1 ma!1J sm3.11 b~c-3::-;s ;:>its in ::1dia; i1 
Ch~ ::a it is reported th3.t over· 400, 000 marsh gas ;:: its 
prcduce methane from night soil, grass, sta1ks, ~aste ~~:er, 
g:.'"bage, et::(3). The r.etha:~e is used for rura~ coo~~ing c.r-;d 
fer sorrie ~:1dt:str"a1 uses such as fLe'i f:.r s:ial~ :-:::~er.t 
;::·~.~-~~s, fue~ to dri-..,:e wat.:r p-...rnps, ~":.·::. ~·;:-ii1e it ~s nc~ 
<r'!()\.o,J:~ ":o ~e used fer ataur.0~:~3. prodi..tC!.icn 1 -.:-:::v~ous~y ~~·~ 3-:..s 
cc·:.;~ d be ..:sed f-;·· 
:o11ectej 2t ::i~e 

~;!~s P-r~ose 
"". ::icat i .::;n for 

if en(.:~:;:~: gas 
a•"' ec Jr":orn i ca 1 

·:·t:~:-3.~~or.. I~i :his C.O~~~·~Ct.ii:,n, i~ ·1c.s 2ee:1 est~ma":.ed t~:a~ :: 
:·:i;~;(J!: ~t3/Cay {i4:2,C1\J.J rr3/day; cf .:"-i.,.C:~ gas :.c~ .. :.a-:~""::·~·; 
~~c~t 6~~ met~a~e ca~ ~e cc11ecte~ rr~~ a sanit~rf ~~~~=:~~ 
ct i·~ :J 1.; r~ ta i n .,,. i e •. , , C 3. 1 ~ for n ~ c4' , ~or S- 1 Q f e 3. rs ·: 7 J . .. : 'J : ._: .... : t , 
·_;r'.:~~:-· ;·,as~e ff"011 .,~rs.er :~ti-=s COJ~':i ~:: ...:s=d t·~ s-:t:e..-S.!.9 
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Table-4. Composition and Properties of typ~ca1 Naphtha . 

Constituent or Property 

Specific gravity at 15.5•C 
Initial boiling point, •c 
Final boiling point, •c 
Unsaturates, 1 (vol1111e) 
Aromatics, 1 (vol..-e) 
Saturates, 1 (volume) 
Total sulfur as (fl,. by wt) 

llzS 
RSH 
RzSz 
RzS 
s 
Unreactive S 

C, 1 
H, 1 
Hol wt 
Heating value, kcal kg 

Aver~ge Value 

0.61!6 
41 

131 
1 
4 

95 
368 

2 
146 
119 
80 

1 
20 
84.4 
15.7 
88 

10,500 

··~s:(; mc·re: :""~p~d1y ·~J·:a:~. t!1at :.~ .:.~>-=: fee::~:.:.c> .. s -"=--·--== .:.­
:he demand ;o:'" .-.apht?'la :or ~·=-= i:. ":.'~e rr:s.··~.:::-.::.:Jr.: :-" "T.c':.".),... 
~Lt€:~ and ;.:,etrochem~ca~s (ethy~€-~1e, ~~·.:;J;~er1e, .::"":.c.,. 
-:-1-,-:ro::fcre, 3everal p1ants or";~:•a1 C:esigiie: :.o 1.,sa -~:.;:.··.:.:· . .:. 
:--.~\e swit':r1eC to .:)tr1~r feeds~:.:~:s 3~ch as na~~!-a"' ga~, _~:3, 
a- '...PG. 'tlhere c:her feeds"':.-)::.:3 are no~ ~·.E·~~a:i~e, :.:·e3e 
;:,"'.:~~"':~$ .~r.; ~.eing s~1utCcwn _·1 ~he word 53"; cf t"'!e ~:.ta1 
-·i:.r~d's c..~~1.:~r.1a ;;rcd:..;c~~cr- ·3 ~as.:d ·:>·"' ··;a;::r-.t~:21. .:.·.·: 

: :·iJe~sa~e . 

·;;; 

- _; -· - . ;~ ? .-· -'. ;; ~ : ·. ·= ..... : C ~ ~ : . : · ... :: ~ r ~ .:; :: 

·.~.:: 

.. - ~ ·~·-·: ·..;. • r· 

':'. :-. r .. / :j.:: v e ~ ~·:; .: ,- :; 
tc a 1 

.. ~id cc~=..c:·1 

e , .. c.: s 5 ~ v a s ":. e- c. ~r1 

Y~s bee:\ .-1iC~~I used .:n E>..;,..::;;:.~;-, .Japar, a~c! 
cc.· . .rntr~es. -;-!e main -:.e:chni::.c.· j:)rot.1e~1 was 
formation on t~e reforming ca:a~yst wi:hout 
consumj:)tion. 7his prob~em has been solved by m~d~ficati0rs 
of the catalyst compos~tion . 

Refinery Gases: Petro~eum refineries and petroc~emica~ 
cperations prod~ce a va~iety sp byproduct gases t~at can be 
~sed as fue1 or fe&dstock Gr bot~. The con~cs~t~on of 
refinery tai1 gas varied wide1j, '.t ~sua~11 conta~~s ~? c~., 
a~d highEr hydroc~rbons and :a~ ~e used as a~~onia :eE~s':.o~~ 
-:;1 steam refcrrn'(·9. -he; ::-r.o..ir:t of ta'~ gas a.a .. i:,j,-:: ~s 
"' ~ >. -= ; i t c : e ~ ""': .s v .: .::- ~ c ~ er. t f ::, ~ c.,.. E: : : .. n'"': :.> rr i ~ ~ "' s ~ a .. .: :J f :~ ... 1. .. :: ~.:i ~-1 ~ c.. 

c~ ;t / ·: e,. j 
(' .;-' !''' ... <::. 

"" ...... -... - ' 

.... '°.,1_i~r"l 

c ··a:~. : n g 

"'~ :-,-: -:; .:::: 1·: ~"' :: .co .,. ":. · 6- ·: E .. r -:, .... := r ~ f .; ~~, ~ r / 
:,_" _ _. ··: ::..·- c.c ..... 5-:: ::.:7.t:·: .. ~'": es .. r; t~·1e .. -

- :- •. t 

c :t,. _;-; ~ -:; :_ :t ,- ::-.• _ ~ c 
~~a;·er ~~~:~~~ns . 
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In the production of ethylene (by cracking naphtha), a 
byproduct gas stream containing mainly met~ane and hydrogen 
is produced. Several other petrochemical processes produce 
byproduct gases that are usable as ammonia feedstoc~ either 
by steam reforming or cryogenic separation of hydrogen • 

Only a few ammonia plants in Europe and Japan use refinery 
tai1 gas . 

Coke-Oyen Gas--Coke--oven gas car.ta i r.s about 55% ~,,, Z5% 
CH 4 , 8% CO, 5% N2 , p 1 us mi nor arr.oun~s of -h: gher 
hydrocarbons, co?, and various impurities. ?resuma:J1y, 't 
could be used for ammonia production by steam refor-rr:ir.g 
after purification, but the usua1 practice ~s to separate 
the hydrogen by a cryoge~ic process i~vo1~ing a ~;Gu id 
nitrogen wash. Many steel produc~ng p~ants have an air 
separation unit to supply oxygen f.'.)'." L;Se in steel 
product~on, thus the liquid nitrogen is avai1ab1e from this 
so;.irce. -he C"""yog~nic procE:ss ~roc!L.;ces a n~trcgen-hyc.-csen 

~~s r:i~ •.':~re su:':ab"ie for amrrionia syr~t~es~s. ~'.":c the 
~·-..:::-.~·.r·~~·j sa~ ;~i·-~~re ~f .::J, -:-:~, a:"':d f-;E:~/··2( L;)'.j(C!(.a-~OnS 

·S _,::_;e,_; ::i.s ~i..;-::·. -:-:1e r.iair. dr;i\·,'Ja-:~ is simi1ar t.:) ~:-13.t .:Jf 
,·ef ~ ~•er·y ta~: gas, the amount of coi-.. e-cve'.1 gas depencs C'.'1 

:.:c'...f- pr:.icuct~cn wbich, ~n turn, depends or. steel prod· .... c.':: _,..-,. 
:~·y & few p~a~ts Jse co~e-oven gas for feedstoc~ . 

:hina sti~l ;.;r:iduces rr:uch arr.moni:l fro'.Yl cc:..e -:>ve'! 3as. ::.-?:;;': 
'.·eforn-•~':g (?ri:-nary plus secondary) -;:r C"•)'ge··· tnricb.:::: a· . ..­
·=~c.Or':.:~r1 r~.:0,...~·~ ·~s a~~ ~~"':.~.. reas:""·~ a:, .. s :.. .. ~--:: .- 3.~.::s ... - ~ 

Heovy Oi1--L ·:q~~-:: t y:;·- .. )c;;r::·:>· 3 >:12 . .:.\ i-=·- ~·-.::.·· · ;-.;:.·:--;~:-:.;. a~·-== ~·~-=­

for· arnrri~·n~a ~aeCs"':c::.~ ~'/ pa:~·;;:i c ... ;.:~~:c.:i ~r~:esse= ,:;-.: :.·· 
wi11 be discussed ~n a later secti0n of th~s =~apter . 
.However, there has ~een sone interest ~~ applying the 
steam-reformi~g precess, and To 1 c ~ngineering Corp. has 
report.An s1icc~ssful development on a pilot plant sca~e (~'J) 
-:.~·:e successful o~eration of the ?i1o~ plar.t was repc ... ti:: 
w:·1en using cr1..-de 0:>i 1 from se.,1eral sources or :.-.eavy residJ31 
-J~~.by Tcyo ~n;ineering Corpo~at'c~ ~~':.t"e d~ta:1 -
3.,·:iiiable abo'-'t tr:e process, :Jut;': '·".: 1 ·,E:s '~:e: -~ ':.V'1-: 
new1y de\e~cped ;:...:tta";st.s ~,., t>-e pr~·:·.::..-; 3n.:i se-:.:.:•1ca ... ; 
reformer. 8oth i:,ataiys':.s are ;.;naffi::c~i:::-: by s·A~f.Jr. 7:·-:­
p,·:~1::i.r; ,- . .=for'T,er cata~}St ~5 e-f"ec':.'·,e :'.'! --ef'oqr.'"3 t:·E: 

n.a~~4.1ne r·~r~;\1 .. ~·:~-.,9 ~,,the gas frorn ":.~1.e r~~s~ '"ef 1Jrr.e,~. -~~-= 

G,:.,s ~ro~. ~: .. ,~ rt:fcrr.iE-rs .st~11 c..onta~·1s 3. •• . ':J~ :~·~ 1 -=L-·.&.._.~· ~.$ 
:..J-:3) ':~iat w .. ,s p··e.;a;it ~,,the f~112:s':.e:c~,, ,.>.·:~· -11:.· 1..;"':! ··~.-= -:,:; 
:,~. ·'"(_:~0ved : ~~ .~. s:..4t,s"3queo~1t pi..4r · .c ~·:a~:: .. -. : :.::: :.s 1 ,; ··, ::..~~~--: ~~ 

·.:·.~Ca~~o~1 prc ..... '?sse=-. ~o~e:ntia"; ;iC·.c.·;:a:~s (.r ~~-~ :.··:·:(;~~ 
~~011r1·.1,..-:.-d w~":~-. ;;ar~ial ·.J_-.ija~·c·1 ;,·:·:.-_;:::.·.::·?;; 1

~r'-= \.,-:,; .. 
~ir~vE:s~m~nt co.5~ (a~1 air s~~ara~iJn ;:_,"~ ..... ~·s ·1c~

1 

... €:~ ... ~ ... ~:~. 

ard 1ower ene·gy consumptio~ . 
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Other Eeedstocks--Methanol or ethanol can be used as 
feedstock in steam reforming processes, but no com:r:ercial 
use has been reported. Other feedstocks such as 
e1ectroiyt1c hydrogen, coal, and fuel oil wi11 be discussed 
separately under applicable process headings. Total ammonia 
~roduction through other so~rces are around 2.4% . 

Feedstock prices-- Prices of feedstocks are often co~trol~ed 
!::; 90-.. err-rr:er.t.s. The price of crude oi 1 on t.he wcr1 d r-.arhet 
~s cor;trolled by the Organization of Petro1eum E•:porti:ig 
;:~:..:ntries (OPEC). and tt·.e world market price of crude oi 1 
derivatives such as naphtha is indirectly controlled by the 
;Jr ices of crude oil. The domestic prices cf crude oi~ ::.rid 
~,a;::>ht.ha in oi 1-produc i !19 count.r ies are cfter, cont.re 11 ec ::,y 
the sovernments at a lower ~evel than world market prices . 
::.e1 in oi1-importing co.mtries, governMents may exercise 
cc~trol of feedstocks s~ch as naphtha by subsid~zing 
~~fi~ery operations . 

·~~:· .... ~a .. scs t:'-fces ·~·c.r_. 1ar9e~1 t;e;:>er.d-:.,~ ~Pon tr.~ c~:..:~ty, 
~ ,. sp0· ~ d:st3~Ce s~ow~~ a~d patterr c~ use. Ge~era1~y 

;::· ~n'.:s ::!·e 1 :>ca:ed ~n t"1e 3as-prod...1cins 3.reas a:= :,·e gas 
:-~,s~:r~~:.ian costs are se~~ra11y much ~~gher compar~n; tc 
•:-.-= r:. ·=;:ec fert~~i:e..- transpor-t.atior. c:;st.\:at .. ra~ .;as 
;.:··-"c...;;~ '·: t_'.·.e United States as of July, 1?7.: were :on:.rc-1!ed 
~~~~~~'~:..om of $1.~3/ 1,co: ft3 {SS0.52/1,CGO n3). -his 
~~e pr"ca ~or 3as ~r~~ 1ew sources de1ivered :o 
~ntar::::.~:e ;J~PE:11r.e. - ... e price of ga5 ,;;:-- 1 ivE:rec 

·-9aS, 
"': .- ~ .. ·; ;) J : : -:: ::-. ~ 2t ;-"'~ :. ~ , ~ .• : .... :' .. : a ·1 c p ·~ t t €:- r r~ ::. f J s e ' a ;'i c \~ ~; "? t ~ e r 

··:.:. .··:~~·~-~-··---·-"'I,. .~·("·:-; _•r ··~,"'i~er~\...pti:J .. -::·· :JC:.~. =··~·"". 

-:- .. ,_ ~~s 1\'i:S $:..;bjec: ::l :...irtai~ment when the supi)iy .,.;as 
·:ct ;ir::'equc.t~. 7r;e ~ nterstate ;:>r- ice contro 1 v;as ~ i fted 
::ef".:ve :960.ihe resu1t was rise ~n price to as m:.Jch as 
$5.00/M~3i~ and then ~xploration throug~ deeper ~e11s 
produced much more gas which lowered the price . The pr-1ce 
is now approaching $1,00/MMBTU . 

Natur-al gas pr-ices in some E~ropean gas produ~i~g co~~tr-ies 
may ·:ie $J.ac/·,ooo ft-:- ($23/ ~,coo 11-:-). -::r"ces ~'i s:lrre 
ceve·o~ins co~n~ries t~at have amp~e s~~plies ~7 1at~r~· s~s 
r~p:r:edly rar'ge fr-om $0.20 to $0.€0/: ,ODO ._f:3 . '.S5.€e­
s·5.?c-/1,000 m-:-) depe:--d~ng o'.1 c.cs: of cc E:ct~0'."' and 
;.;·.:ri~~i:.aticn, l:?ngth oc ~~~e~:re ~~ .. ;:r.s;::_,~t, ar:j gc·1-=r·:~1er.~ 
p~ .. .: C..j • 

,, .:. r. r~,,. - . . - ... ' ;... a .... : .. : \.... ~ 7: ~ .. -. ~--: 

-=-::~ & · .•. 
~ ... . . .-:: . 

=~,..Jcu:~'i g""-i~ ~'i:.es r·-:_.cl~~·~ '':-:s:~~~t·:._.~-.. ~~-s.s::t~·1 ::. ...... ~~~ .. ·e:_. 
'1.; ... ~ :.i-:e··i u•1re~L:·.b~'2 :.:.t~.:,~·~~ ~·-;~es ·~o '"'"se re:.e1:·y . 

13 



,__ ____________________ --~ ---- - - . 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• • 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• ,. 
' 

The price of coal varies widely depending on its quality, 
cost of minins, and transport cost . 

Feedstock Regujrements: In nearly al 1 ammonia plants the 
same material is used as both feedstock and fuel. The fuel 
requirements may be 40% of the total or rnore, depending on 
the extent to which heat recovery equipment is utilized. In 
previous years when fuel was inexpensive, many ammonia 
plants were built with minimum heat recovery facilities . 
Buivadas, et al., give an example of how the fuel 
requirement (natural gas) was decreased by 34% through more 
efficient energy use, mainly high-pressure steam generation 
and preheating combustion air to the reformers (13). The 
decrease in total fuel plus feedstock requirement was about 
15~. The increase in fue 1 efficiency was obtained at the 
expense of about 6~ increase in plant investment cost . 

Thermal efficiency has become a key parameter in comparing 
(and marketing) processes, possibly achieving exaggerated 
importance in some instances. However, thermal efficiency 
is an important concept, de soi te its oub 1 i city ernphas is . 
Unfortunately, its definition is not standardized between 
various operators, designers, and process licensors. What 
appears to be the most common definitions for the purooses 
of this study,has been set out in the fol,owing table . 

DEFINITION OF THERMAL INPUT •ND CREDITS FOR AMMONIA PLANTS 

Heat value of input and output per metric ton of ammonia 

Input or out out 

=eed a'1d fuel 

Electric power 
required-

assuming 

Steam 

Definition of thermal value 

Lower (net1 ca1orif~c (~eating) V3lues 
(~HV) based on combustion starting and 
ending at 20 DEG.C with product water as 
vapor . 

Thermal value (LHV basis) of fuel 

required at modern power station, 

34% overall efficiency (i.e. 10,586 KJ/ 
kWh, 10,040 Btu/kWh 

table values (i.e. enthalpy 
excess over liauid water at O deg.Cl 

The above table is based on puplished estimates of thermal 
efficiencies ( i.e net energy consumotions as defined above 
and allowing for power import and steam export) for the 
~ajor feeds~ocks. Also included are indicative estimates of 
battery limits capital costs U.S. Gulf Coast, oreoared s~tes 
with good access and load bearing characteristics, 1990 
basis) for 1 ,000 metric ton per day ammonia production 
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capacity plants, except anthracite-based plants. It is 
assumed in all cases that the ammonia is produced as liquid 
at 33 deg.C and atmospheric pressure . 

COST ANO THERMAL EFFICIENCIES OF AMMONIA PLANTS 
Based on various feedstocks 

Feedstock and process 
route (modern design) 

Anthracite or coke(2), 
cyclic gasifier 

Coal, partial oxidation 

Fuel oil, partial 
oxidation 

Naphtha steam reforming( 3) 

Natural gas, steam 
reforming 

BLCC( 1) 
Mill $ 

200 

150 

115 

(1l Battery limits capital costs 

Overall Thermal 
Efficiency 

Gcal/t GJ/T 
NH3 NH 3 

13.32 55.7 

10.33 43.2 

9.70 40.6 

7.65 32.0 

8.70 36.4 

(2) These cyclic processes are obsolete, except in China 
(3) This performance refers to 1970s technology . 

A theoretical minimum possible feed energy consumotion for 
the entire process is not easily defined. One simple 
approach is to imagine an ideal (exothermic) overall 
reactiori . with no recovery losses or curge losses. which 
reacts ~ethane, air, and steam to give ammonia, carbon 
dio~ide , and argon as products at for instance, 400 deg.C. 
This could be written in kg mol . 

15 

25.956CH4 + 29.358N2 + 7.87502 +0.351 Ar +0.013C02+36.166H20 
------->> 58.716NH3 + 25.969C02 + 0.351 Ar+2.2 GJ/ton NH3 

The corresponding thermal value (LHV) of natural gas feed is 
20.8 t2J/ton ammonia, 4.97 Gcal/ton ammonia. If the 
exothermic over a 11 heat of reaction can be credited. this 
leaves 18.6 GJ/Ton ammonia. 4.45 Gcal/ton ammonia, as the 
theoretical absolute minimum. The literature reports various 
values, without always detailing the calculation basis . 
Lavers(6) gives 17.4 GJ/ton theoretical minimum, 22.8 GJ/ton 
as a practical minimum Oybkjaer(7) suggests minimum oroce~s 
feedstock energy of 20.9 GJ/Ton ammo'lia, with a practical 
minimum feedstock energy of aoproximately 22 GJ/ton a~monia. 
To this must be added the fuel reouired for primary 
refor•Tdng and feedstock heating ( and or additional 
feedstock for "ir"ternal combustion," if fuel firing of the 
primary reformer is reduced or abandoned). There are also 
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significant energy demands for compression, refrigeration, 
fans, cooling water, and the recovery of carbon dioxide . 

The conclusions are: 

o Processes using steam reforming of hydrocarbons p 1 us 
Haber-Bosch ammonia synthesis are now approaching the 
practical limits of energy conservation at approximately 27 
GJ/ton ammoni3 . 

o The total energy used for partial oxidation routes, 
based on heavy fuel oi 1 or coal, ,.,i 11 always require at 
least a 40 percent increase in total energy consumotion when 
compared to the best steam reformer designs . 

o Lower energy efficiency and the increase in fixed 
investment of at least 50 percent make <i large cost 
advantage necessary for heavy fuel oil or coal in order to 
justify its use compared to natural gas. A rough calculation 
indicates that vacuum residual oil would need to be 
available at 9.24 cents/ga11o!1 ($25/metric ton or 61..4. 
cents/MMBtu HHV) to compete with natural gas at $2.50 MMBtu 
<HHV) for the production of 1, 000 metric tons per day of 
ammonia in a new plant. In the United States, vacuum residue 
is sold at approximately three times this price! . 

!n a natural gas based plant 34% of the gas is used for fuel 
and 66% ~or feedstock: in a naphth3-based olant about 38~ of 
the naphtha is used for fue 1 and 62% for feedstock r 13' . 
These values are for olants eauioped wi~h good energy 
recovery systems. ~ue1 reauirements do not includ~ elect~ic 
power generation or steam generation other than that 
connected with heat recovery. Modern ammonia o1ants are 
self-sufficient in steam supply, and much of the mechanical 
power is suoplied by steam rather than electricity. 
However, in developing countries, a captive e:ectric 
generating plant usually is considered essential for a 
dependable supply of electricity.A good indicato~ of 
increased efficiency in ammonia production is the ref<.,rmer 
stack temoerature previously about 260 °c it now approaches 
100 °c as more heat is recovered from less stack gas . 
Also, if a urea plant is associated with the ammonia olant, 
additional fuel will be required to supply the steam needed 
for urea oroduction. Therefore, total fuel reauirements ma~ 
be larger than those mentioned above . 

Whe~ a hign-cost feedstock is used for ammonia oroduction, 
it ~ay be adva~tageous to use a lower-cost ~uel for heati~g 

a~d ~~r oroducing steam and e1ectr;city. Likewise. w~en ~~e 
~u~~iy of feedstock (sue~ as natural gas ) is inadecuate ~or 
both fuel and ~eedstock, a different material may be used as 
fuei. Several plants in the United States that use natural 
gAs feedstock are eoui pped to use a, 1 i ght fuel oi 1 for 
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heating the reformer. In cases where fuel oil is more 
expensive than natural gas, the fuel oil system may be used 
only when the natural gas supply is limited . 

Use of heavy oil or coal for fuel could be considered for 
plants using expensive or scarce feedstocks. However, these 
fuels cannot be used to heat reformer furnaces unless some 
extensive modifications are made. Impurities in heavy oil 
or coal would adversely affect the reformer tubes by causing 
corrosion or erosion u~less design modifications were made. 
Deane and Browne have described a naphtha based flowshe~t in 
which a non premium fuel is used for preheating the 
feedstock and the air to the secondary reformer (14) • 
Obviously, there would be no technical problem in using coal 
for steam and electric power in units designed fo,- that 
purpose. Direct use of coal for heating the reformer 
furnace would present serious difficulties, but indirect use 
such a~ byproduct gas derived from coal may be technically 
and eco~omically feasible in some cases . 

~ simplif;ed flow diagram for croduction of ammonia by steam 
reformi~g natural gas or naphtha is shown in figure 2. In 
·~,1·1e following discussion, each of the steos will be 
discussed in the sequence in which th~y occur . 

.......,_,..., 
I $-

o .~ 
L - - - - -+CJ-...w!IMI---.. 

............, .... 
'""""r ,.,......., , ..... ,.., 

I 
v .... .., I 

·~- _.J ,,edv<f 
.._.....,. __ ~ I 

lhnh '•"" 
liq...,__..., 

IO ptM•H ., 119r ... 4- - -

C"igu,..e-2 f=Low Diagram for Production of Ammonia by Steam 
Refo,.-mi~g P,.-ocess 
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Feedstock preoaratjon: As mentioned previously, most 
natural gas requires some purification, particularly the 
~emoval of co2 and Has, which may be done by the natural gas 
producer if the gas 1s transmitted by pipeline. If the gas 
is taken directly from wellheads, the user (ammonia 
producer) may have to purify the gas. Depending on the 
source, natural gas may contain entrained dust or droplets 
of liquid (oil or water) which should be removed by 
separators, filters, etc . 

After the initial purification, natural gas is compressed to 
reformer pressure, if not al ready at that pressure, and 
preheated. Then, any remaining sulfur is removed to avoid 
poisoning of catalysts. The sulfur may be removed by 
adsorption on activated carbon at ambient tem~erature or by 
absorption by hot zinc oxide (290-400 °c) aft~r the gas has 
been preheated . 

n1e spent adsorbent is regenerated by striopi ng with steam 
O'" hot gases. !n some cases bn~h treatments may be used . 
Some natural gas particularly associated with offshore 
reserves may contain significant a~ounts of chlorides whic~ 
can poisqn catalysts particularly the low-tempera~ure shift 
catalyst. Catalysts or absorbents are available for removal 
of chlorides. Quartulli describes a oretreatment system for 
removal of both chloride and sulfur from natural gas or 
naphtha (fiQu'"e 3) (15l . 

.......... ~ 
~· I 

. 
\ 

\ 
\ . --. 

c~ on1,.f IVL'u" 
W.VA"O vi SSH S 

r:;gur~-3. Na••.1ral Gas treati.,g System for Chlorine al"ld 
sulfur removal 
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The preheated gas or vapor;zed naphtha is mixed with a small 
amount of hydrogen (recycled synthesis gas) and passed 
through a "hydrotreater" containing a catalyst which 
converts sulfur compounds to H2s and chlorides t~ HCl. Th~ 
catalyst has a nickel molybdenum or cobalt-molybdenum 
composition. The hydrotreated feedstock is then passed 
through one or more guard vessels containing layers of 
chloride removal catalyst (a copper-b~sed material)and 
sulfur rgmoval catalyst {zinc oxide) This system will 
effectively remove sulfur in "nonreactive" forms (such as 
th i ophenes) which cannot be removed by zinc oxide without 
hydro-treating. Molybdenum based catalysts can also be used 
to hydrogenate olifines that may be present in some natural 
gases whereas ol ifines are not catalyst poisons in the 
strictest define that may can crack or polymerize at high 
reforming temperature, blocking the active catalysts sites . 
The ollifines also get removed through hydrotreating . 

Since naphtha usually contains unreactive sulfur, 
hydrotreating or hydrodesulfurization is commonly used in 
naphtha-based plants. The catalysts {absorbents) used in the 
guard beds are expensive and cannot be regenerated. 
Therefore. if the feedstock contains much sulfur or 
chloride, some means for removing most of these impurities 
as a pretreatment should be consiciered. In the case of 
natural gas, absorption in an alkaline solvent such as 
rnonoethanolamine or potassium carbonate, which can be 
regenerated. is commonly used for removing most of the 
sulfur . 

Sulfur and chlorides (and other catalyst poisons) ca~ enter 
the ammonia plant i~ the steam or in the air to the 
se~ondary reformer; thus precautions should be ta~en ~o 
eliminate such impurities insofar as is practical. In 
addition, a layer of guard absorbent may be placed on too of 
the catalyst, particularly in the case of the low­
temperature shift catalyst . 

Some natural gases have also been found to contain mercury 
which is a reformer catalyst poison when present ir large 
amounts. Activated carbon beds impregnated with sulphur have 
been found to be effective in removing this metal . 

Primary Reforming: The purpose of the pri rnary reforming 
step is to convert the bulk of the hydrocarbon feed to H2 
and CO by reaction with steam so that the remainder of the 
reaction can be carried out in the r-econdary reformer . This 
conversion is renresented by th~ following reactions 

CH4 + ~?O --) CO+ 3Y? 
C0 + H20----) C02 +~2 

The overall reaction of the system is endothermic and the 
conversion is favoured by high temperature, low pressure and 
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high steam to carbon ratio. In the secondary reformer, with 
the introduction of air the remainder of methane is burn and 
this sup~lies the required amount of nitrogen for ammonia 
synthesis . 

The preheated feedstoc~ and high-pressure steam at or above 
reformer pressure (30-40 atm) are mixed and passed through a 
large number of tubes (50-400) which are externally heated 
in a reformer furnace by a fuel which is usually but not 
always the same as the feedstock (natural gas or 
naphtha).Traditionally stream:carbon ratios of 3.5-4.0 have 
been used, but the excess steam adds to the gas volume that 
must be accommodated in the reformer and subsequent stages 
and much of its substantial heat content can only be 
recovered at a relatively low level . 

Modern low-energy process deisgns have tended to employ 
milder conditions du~ing reforming and this has enabled 
steam:carbon ratios to be lowered with consequent savings in 
¥uel consumotior. Although the theoretical m1ni~um 
steam:carbon ratio is about 2, for practical reasons ratios 
of around 3 are used in low-energy olants . 

Side reactions in the primary reformer are those which form 
carbon an undesirable by-product . 

Cn H2n +2 ---------> nC + (n+1)H2 

Thermai cracking tends to deoosit carbon on the catalyst 
surface which can reduce the activity of the catalyst n.ear 
the entran~e of the catalyst tubes before 5uffi~ie~t 
hydrogen has been produced by the reforming ,..eact; ons to 
suppress the right hand side of the reaction. Pro'Tloters . 
such as potash, are used to helo suppress cracking in 
natural gas feedstocks containing heavier hydrocarbons. 
Carbon may also be formed by both the disproportionation end 
the reduction of carbon monoxide 

2CO --------> C+ C02 
CO + H2 ----> C+H20 

Carbon produced by these latter reactions is formed in the 
catalyst pores, making it much more difficult to remove. and 
potentially causing physical breakage. Ooerating stea~ to 
carbon ratios are chosen above the ~inimum ,..eouired in order 
to make carbon formation by these reactions 
thermodynamically impossible (~l. Steam is another potential 
source of contaminants. Chemicals from the boiler feed-water 
or the cooling system are poisons to the refo,..mer ca~a1yst . 
so steam auality must be carefully ~onitored . 

THe reformer tubes are usually 
gen~rally accepted catalyst tube 

centrifugally 
mater i a 1 for 

cast T'ie 
catalytic 

20 



.--· 
• 
• • • 
• • • • 
• • 
• • :• 
• 
• • • • • 
• • 
• • • • • • • 
• • • 
• 
• 
• • • • • 
• 

reformer designs is centrifugally cast 25X chromium-20~ 
nickel (HK-40) alloy having a specified carbon content of 
0.35X to 0.45X and providing the optimum combination of 
strength and we l dabil i ty. In the 1980s, other materi a 1 s, 
most prominently 25 Cr-35Ni-Nb (HP modified) alloy, gained 
acceptance, allowing operation at higher pressures and 
temperatures while reducing tube wall thicknesses. Thinner 
walled-tubes result in less stressful operation because of a 
flatter temperature profile, as well as allowing more volume 
for catalyst loading. Tubes are generally designed for a 
minimum theoretical 1 ife of 100, 000 h, in accordance with 
API standard 530. Tube failure mode is normally through 
creep and/or stress-rupture (45/. Higher reforming pressures 
are favored, because of the lower energy of compression 
required for the synthesis loop, smaller vessel sizes, 
easier co2 removal at higher partial pressures, and more 
efficient process heat recovery . 

Available primary reformer desisns differ in the arrangement 
of tubes and burners. tube material. feed gas distribution, 
and reformer gas collector systems. A primary reformer 
furnace is a distinguishing feature of an ammonia plant. The 
radiant section of a tyoical ~ellogg box type stea~ 
reforming furnace is shown i~ ~igure-4 

Fuel ps. hudef 

Scnice platform ---J;;'!P,; 

'leftiQI"""' -­bumlrs 
Peep dDal' __ .....,.. 

Plalform 

Aue ps tunnels 

Figure-4 r.ellogg Reformer 

In t"'e bov re.&(".lrrier t.,e catalyst tubes are arranged in 
~a~!1le1 si~g1e w~dt., rows heated from both sides by either 
gas or liauid ~ired bur~ers, or both, located in the furnace 
arcli. ICI a~d Uhde also utilize a top fired configuration 
for their primary reformer designs(29-30) . 
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In the Haldor-Topsoe primary reformer furnace, the radiant 
section consists of one or more elongated rectangular 
furnace ce 11 s having vert i ca 1 ca ta 1 yst tubes mounted a 1 ong 
the center line of the cell in either a staggered double or 
single straight row. This is a side-fired furnace with 
flames deflected parallel to the walls which act as 
radiators. The burners operate satisfactorily on gaseous 
fuels ranging from hydrogen-rich off-gas to mixtures of 
vaporized naphtha and steam (46) . 

In the Foster-wheel er reforming furnace ( 3), the inc 1 i ned 
terrace walls are vertically and uniformly heated by rising 
flow of hot gases. The catalyst tubes are heated from both 
sides and the tube support arrangement uses a carefu 11 y 
designed multiple counterweight system. The lineal burners 
can operate on both gas and light distillate fuel oil. The 
radiant box is only about 50~ efficient, but the heat 
1 i berated and not absorbed by the reforming reaction is 
recovered in the convection section, allowing overall 
furnace efficiencies of up to 94%, based on a furnace stack 
gas temperature of about 1500 C for a desulfurized feed . 

The practical limit on the primary reformer exit temperature 
is determined by tube metallurgy considerations . 

22 

Tre reformer tubes range from 7. 5 to 20 cm in diameter 
with a wall thickness of 0.6-2.5 cm and a length ranging 
from 3 to 14 m (16). The tubes are oacked with catalyst 
contai.,ing nickel on a calcium aluminate base. usually in 
the shaoe of a ring about 16 mm in diameter by 16mm long . 
T.,~ .,;cl<el coriterit tyoically is 1.d.'!i;-16'!1;. ~romoters sucii as 
potassium may be added.to decrease carbon forming tendencies 
due to heavy hydro carbon or to allow operation at reduced 
~team/gas ratios.The compositin of the base may be varied to 
i ricrease its strength, cfurabi 1 i ty, and porosity. The 
temperature and the high pressure constitute severe 
conditions that reauire careful design and operation. The 
.,eat in the combustion gas leaving the reformer is used 
successively to produce steam, to preheat the incoming 
feedstock-steam mixture, and where fuel economy is 
i~oortant, to preheat combustion air . 

The gas leaving the orimary reformer usually contains 5'-15% 
methane fdry basis). The gas temoerature usually is in the 
ran9e of 800-900°c . 

$E'_~<mdaa..~e.f.oJ"Jn.i..ng;_ The ob_iect of tlie secondary reformi r.g 
steo ;s to comol~te the conversio., of methane to ~ 2 . CO. and 
c02 a"'d to suoo1y ti-le ,.i:?~u;"'ed oro~ortio'1 of N2 for Nl-l::i 
syntl-lesis. This is do"'e by addi"'~ air to the amount reauired 
to 0ive an N:l-l atom ratio of 1:3 in the synthesis gas after 
the shift conve~siori step. This means tha' the mole ratio of 
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N2 (H 2 +CO) should be 1:3 in the gas leaving the reformer 
unless more N2 or H2 can be added in some subsequent step of 
the process. The part of the combustibles (H2 , co and CH4 ) 
in the part i a 11 y reformed gas, thereby raising the 
temperature high enough for rapid completion of the 
reforming . 

A 1 though most processes i nvo 1 ve the use of air al one, in 
some cases oxygen enriched air is used to supply more heat 
and, thereby, take some of the load from the primary 
reforming step. In fact, it is possible to add enough oxygen 
so that the reforming process becomes "autothermal" and the 
primary reforming step can be omitted entirely. On the other 
hand, less air can be used than required for nitrogen 
supply, and part of the nitrogen can be added separately, 
preferably at a later step in the process. This arrangement 
places more load on the primary reformer but decreases the 
amount of feedstock required. This can be an advantage when 
the feedstock is expensive (or in short supply ) and a less 
e~pensive fuel is used in the primary reformer . 

I~ the usual case when air to the secondary reformer is the 
sole source of nitrogen, the heat input is limited to that 
ge~erated by combustion reactions plus the sensible heat in 
the oreheated air and in the gas from the primary reformer . 
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A. typical secondary reformer is a cylindrical, refractory-
1 i ned, insulated vessel. The upper cart is empty and serves 
as a combustion chamber in which the gas from the primary 
refor~er is partially oxidized by preheated air. The lower 
nart is filled with a catalyst similar to tha<: i~ tlie 
orimary reformer. The air should be free f'rom dust ti-lat 
might clc.g the ca':a1yst bed and from catalyst ooisors <s . 
Cl. and As). The air is filtered, compressed to reforrrer 
pressure, and mixed with the gas in a burner at the top of 
the vessel. The combustion causes the temperature to rise to 
about 1200°c in the combustion chamber. As the hot gas 
descends through the catalyst bed, it is cco 1 ed by the 
endothermic reforming reactions and leaves the reformer at 
a temperature of about 950-1000°c. The gas at this point 
contains, on a dry basis, about 56% H2 , 12~ CO~ 8% co2 . 23% 
N2 , plus argon, and usua1 1 y less than 0.5% CH 4 • It also 
contains excess steam ranging from one-third to one-half of 
the total gas volume . 

Substantial energy savings can be made by leaving more of 
the reformin~ duty to the secondary re~ormer.and this 
practice is embodied in one way or the other in many recent 
processes. Various desi 9"1 oot ions that can be ·; ncoroorated 
in!o a new grass root o1ant or can be used as reva~o ooti0ns 
are: 

o Increasing the terT1perature of air to se~ondary 
reformer; thi,s irT1oroves safety, reduces staclc' noise and 
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allows batter control of excess air. This design 
concept approximately saves energy to the tune of 250-
270, 000 Kcal/Ton of ammonia . 

Steam superheating: improves efficiency of the steam 
turbines and reduce firing at the reformer. It saves 
approximately 100,000 Kcal/Ton . 

Saturation of Natural gas feed saves 30-50~ of the 
process steam, and at the same time reduces the process 
condensate treatment . 

The gas stream after hydrodesulpherizer is fed to the 
natural gas saturator where the natural gas is 
saturated with process condensate recovered upstream of 
the carbon dioxide removal system . 

Lowing steam to carbon ratio to about 3.0 with a 
standard catalyst and to 2.5 with the new catalyst for 
reforming and HTS/LTS greatly benefit both utilities 
and natural gas costs, but ~ts limitation bei~g the 
guide reaction leading to carbon formation in the 
reforming or0cess and it resu 1 ts overheating in HTS 
converter . 

Primary reforming 
results in energy 
carbon ratio. but 
reformer . 

by-pass as conceived by HERA orocess 
saving due to low average steam to 

requires excess air to secondary 

Gas heated reTormer GHR instead OT Tred r~for~er is 
~laimed to be S~CC~SSTU11y emol~ved by IC! i~ their LCA 
(leading Corceot Ammonia nroce$s' c3n be used in ola~ts 
where no steam evport is reauired . 

~.QD.....M_onoxid-1L._Conver$ion: Gas from the secondary reformer 
is cooled (generating steam) to about 375oC which is the 
usual temoerature for the shift conversion reaction: 

Delta H= -9.8 ~cal/mole 

The reaction is exothermic; therefore, it is usually carried 
out in two steps with heat removal between steps. The rate 
of reaction is more rapid at high temperatures, but 
equilibrium is more favorable at low te~oeratures. Thus, it 
is common practice to operate the first step at a h~ gher 
temperature than the second so that most of the CO is 
converted in the first step, and in the second steo the CO 
is reduced toles~ than 1% (often as iow as 0.2%) . 

Prior to 1960, the s'.:lme type of cat a 1 vst was used in both 
steos. This ca~aiyst is mainly iron and chromium oyides . 
about 55% Fe and 6% Cr. It is active only at relatively high 
temperatures (350-430:C) an~ is known as a high temoerature 

24 



• 
• • • • 1• 
• 
• • • • • • • • • • • 
• • • • • • • • • • • • • • • • • 
• • • 
• • 
• 

shift (HTS) catalyst. The overall activity of HTS catalyst 
is low, therefore, the gas stream leaving the high 
temperature shift converter contains a substantial amount of 
unreacted carbon mono-oxide(usually around 3%). Most LTS 
catalysts contain zinc and alumina in addition to copper . 

The LTS catalyst is much more expensive than the HTS 
catalyst and is more susceptible to poisoning; thus, it has 
a shorter useful life. Its advantages are that ( 1 ) it is 
active at a lower temperature range, where eauilibrium is 
more favorable, thus more CO reacts with the steam to form 
Hz and (2) less excess steam is required . 
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It is generally agreed that the advantages 0f the LTS 
cata 1 yst outweigh its disadvantages, thus it i s common 1 y 
used in the second step of CO conversion. Some precautions 
that may be taken to extend the life of the LTS catalyst are 
(1) scrubbing the air to the secondary reformer with water 
or dilute alkali solution to remove catalyst poisons, (2) 
more rigorous ou~ification of feedstock and boiler 
feedwater, and (3) insertion of guard beds between the high 
and low te~perature shift converters to re~ove S and CL fro~ 
the gas. ~igure 4 shows a typical arranQement of a seauence 

'0f ~TS converter cooler, ZnO guard, LTS converter, cooler, 
and C02 removal. An alternative, but more expensive, 
arrangement is to use HTS catalyst in both converters with 
C02 remova 1 after each converter. Remova 1 of C02 after the 
first conversion step provides more favorable equilibrium 
renditions so that the CO content can be decreased to a low 
level in tlie secorid steo even with the less active YTS 
catalyst. Witli either arrangement the co content cari be 
lowered to about 0.2% or less . 

CarbQn_J)io~_Bit__fl'JQYa.l~ After leaving the shift conversion 
step, the gas may contain 18% co,, or more depending on the 
feedstock composition. It is then cooled if necessary, to a 
temperature range which depends on the requirements of the 
absorbent used in the C02 removal step. Absorption in water 
was commonly used in pre-1940 plants. Its disadvantages were 
high energy consumption and 1 ass of H2 and N2 which are 
appreciably soluble in water at the high pressure used . 
Recovery of C02 having adequate purity for urea production 
was difficult. Between 1940 and 1960, a 20% solution of 
monoethanolamine (MEA) was favored. Its drawbacks were low 
absorption temperature, high desorption temoerature, 
c0rrosion and high utility and investment cost~. After 1960, 
the majority of new plants used potassium carbonate solution 
with various additives to promote absorotion and inhibit 
co,.r0sio,,. !ts main advaritags is lower heat requirements 
~or ~triooing the ('n2 from the solvent. !n ootassium 
~a,.~0nat~ or0cesses two important processes a,.e Benfield and 
G. v~tro~oke orocesses wliich incorporate venadium ovide and 
arsenic diovide resoPctively as activators. However. there 
are several ather solvents in use, mainly organic liauids, 



• • • • 
• • 
• • • • 
• • • • • • • • • • • • 
• • • • • • • • • 
• • • 
• • • • • • 

26 

some of which have a proprietary composition . 

The potassium carbonate system operates mainly on pressure 
differential-co2 absorption at high pressure and co2 release 
at 1 ow pressure. In the absorption step the pr~ssure is 
typically about 30 atm (reformer pressure minus pressure 
1 osses) , and the temperature may be 1 oo0 c . The co2 is 
absorbed chemically by the conversion of potassium carbonate 
to bicarbonate. When the solution is regenerated by 
releasing the pressure to about atmospheric pressure. co2 
and water vapor escape. In some cases, co? release may be 
assisted by stripping with low pressure steam or air. The 
regenerated solution is returned to the absorber at a 
temperature of 85-90 °c and is heated by the gas from the 
LTS shift converter. In this way some or most of the heat 
required by the co2 removal process is derived from the heat 
in the incoming gas . 

The original hot carbonate process developed by the U.S . 
Bureau of Mines was found to be corrosive to carbon steel 
(55). Various additives have been used in order to imorove 
the mass transfer rate as wel 1 as to inhibit corrosion. 
Vetrocoke, Carsol, Catacarb, Benfield, and Lurgi orocesses 
are all activated carbonate processes. !morovements in 
additives and optimization of operation have made activated 
carbonate processes competitive with activated MDEA and 
non aqueous sol vent based systems. Typ i ca 1 energy 
requirements are given in Table-5 . 

Table 5 Energy Requirements for co2 Removal Systems 

Remova 1 Syst~m 

MEA 
MEA with inhibitors 
potassium carbonate 
potassium carbonate with 
regenerator(s) 
activated MDEA with 
generator(s) 

GJ/mo1 co2 

210 
140-93 
197 

88-62 

60-42 

In contrast MEA absorption regeneration ooerates on a 
temperature on a temperature different i a 1 with absorot; on 
at a relatively 1ow temperature, 27-6o0 c, and regeneratiori 
at 100-140 °c. Thus, it is necessary to cool ·.:he incoming 
gas to the absorber and to heat t'1e MEA so 1 ut ion in the 
regenerator with steam and oro~ess gas. T~e MEA orocess has 
b~en imp roved by the addition of promoters ar'ld corrosion 
inhibitors, thereby lowering ~eat recuirements . 

Activa~ed tertiary amine3 suc'1 as triet'1ano1amine (TEA) and 
methyl diethanolamine (MDEA) have gained wide acceptance for 
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C02 removal. These materials require very low regeneration 
energy becausa of weak c~ amine aducct formation, and do 
not form carbamates or other corrosive compounds (53) Hybrid 
COz removal systems, such as MOEA-sulfolane-water and DIPA 
sul fo 1 ane-water, are aqueous al l<a 1 i ne so 1 ut ions in a 
nonaqueous solvent, and are normally used in tandem with 
other systems for residual clean-up . 
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~uch attention has been given in recent years to methods for 
removal of acid gases (mainly COz and H2S, not only from 
ammonia synthesis gas, but also from natural gas, synthesis 
gas for products other than ammonia, and fuel gas produced 
by coal gasification carbonization. Numerous processes have 
been developed, and the choice of process for the ammonia 
p 1 ant may depend on a balance between energy cost, capita 1 
cost and other factors. The choice of specific C02 removal 
system depends on the overall ammonia plant design and 
proc0 ss integration, Important considerations include: COz 
slip required, C02 partial pressure in the synthesis gas, 
oresence or lack of sulfur, process energy demands, 
investme~t cost, availability of solvent, and C02 recovery 
reouiremer'lts. Carbo~ dioxide is norma11y recovered for use 
in the manufacture of urea. in the carbonated beverage 
;ndustry, or for enhanced oil recovery by miscible flooding . 

Absorption Systems. Solvents ~enerally perform better at 
higher partial pressures of carbon dioxide. Because the 
solubility of acid gases increases as temperature decreases . 
'Tlost absorption systems use suoolef'l'lental re-Frigera'"... :on to 
achieve low temperature abscrotion. Because of the low heat 
0f absorptio,.., t'1e striooir'lg q~s ;~ usu:t11y air and """"i:''? 
the heat reouire~ent -For ~~ese orocesses is neglig;~1e . 
Nor"!?., 1y about 70% of t'1e carbon dioxide is recovered by 
pressure reduction. Higher C02 recoveries can be achieved by 
-Flashing at high vacuum or by reintroducing the strioper 
overheads in the secondary reformer(58) . 

The Rectisol process is more readily aoplicable for acid gas 
removal from synthesis gas made by partial oxidation of 
heavy feedstocks. The solvents used in Puri sol, ~luor 
Solvent, and Selexol processes have low vaoor pressures and 
hence solution losses are minimal. Absorotion systems are 
generally corrosion free . 

gressure Swing Absorption. Carbon dioxide ca~ be removed by 
oressure absorption o~ molecular sieves. However. t"e 
molecular sieves are not selective to C02 and the gases ~ust 
be further processed to ac~ieve the high ourity reauired fer 
"over t~e fence" use as in the urea orocess. Use of oressure 
swi"a 3bsorotio~ for co~ re~ovai aooears m0st aoolica~le to 
~m~i1. st~nd a1one plants. Since partial oxidation of "eavy 
oil ('r ~oal yields gases containing H2S as well as C02 • the 
acid g?.s remova 1 orocess for this use must be capal> 1 e of 
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removing and separating these impurities and converting the 
H2S to s or other nontoxic compounds. Some partial oxidation 
processes produce gas containing small percentages of HCN 
which must be removed and converted to nontoxic compounds . 

A complete discussion of C02 removal processes is beyond the 
scope of this manual .However, table-5 taken from Quartul l i 
gives the basic characteristics of 18 major processes (15) . 

Table-5:PROCESSES FOR REMOVAL OF ACID GASES(C02 ANO H2S) 

Solution 
Process Solvent circubtion 

Rttidion sysums 

MEA• 2094 monoethanolamine medium 
promoted MEA 25-35% monoethanolamine plus medium 

Amine Guard 
DGAC 60% dirlycol amine medium 
MDEA4 40% methyl cliethanolamine plus medium 

additives 
Vetrocoke KiCO, plus .A¥>3-glycine high 
Canol KiC<>, plus additives high 
Catacarb 25-30% KiCO, plus additives high 
Benfield 25-30% KiCO, plus high 

cliethanolamine and additives 
Fleuorb HP KiC<>, amine promoted high 
Lurgi 25-30% KzC03 plus additives high 
Alkazid potulium salt of 2.(or 3-) c 

m ethylamino propionic acid 

Combination naction-physical systenu 

Sulfinol 

TEA·MEA/ 

MDEA-1u16nol-H,O 

pw-Uol (NMP) 
nctilol 
ftuor 10lvent 
aelexol 

-W.W . 
... EA i8 lllOll09lhanolami"•· 
'DGA ii diflycol amine. 

:;ulfone and l,l'·imminobis-
2-propanol 

trietbanolamine and 
monoethanolamine 

Physical absorption systcnu 

N-methyl-2-pynolidinone 
medlaaol 
propJlene c:&:;'bonate 
dimecbyl ether of pctlyetbylene 

1lycol 

4MDEA ii methyl dieihan,.lamine . 
'Dependent on ..me.. 
·TEA-MEA ii triethanolauine-~nolaaine . 
'Depmdent on pr-ure . 

medium 

hirh (TEA) 
low(MEA) 
medium 

medium 
medium 

• • 

Acid ias content 
in treated gas. 

ppm 

<50 
<50 

<100 
<50 

500-1000 
500-1000 
500-1000 
500-1000 

500-1000 
500-1000 

c 

<100 

<50 

<50 

<50 
<10 

• • 
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~hanatjon: T.,e gas leaving t"'e C02 abso .. otion s~ep sti11 
contains about O. 3% co and o. 2% or 1 ess C02 • The~e oxides 
m•Jst be removed before the ammon; a synthesis ste~ because 
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they would decrease the activity of the ammonia synthesis 
catalyst and cause deposition of ammonium carbamate 
(NH4COONH2 ) which can cause fouling and stress corrosion 
cracking in the compresso; and in the synthesis loop .. The 
methanation reactions are; 

CO + 3H2----> CH4 +H20 
C02 +4H2----> CH4 +2H20 

These reactions are the reverse of the reformer react ions, 
and a similar nickel-based catalyst is used. Most 
commercial methanator catalysts contain nickel, supported on 
alumina, kaolin, or calcium aluminate cement. Sulfur and 
arsenic are poisons to the catalyst, which can also be 
fouled by carry-over of solvent from the C02 removal system. 
It will be noted that each molecule of CO and C02 consumes 
three and four molecules of H2 , respectively. Therefore, it 
is necessary to efficient 1 y remove CO and C02 to the 
minimum practical level . 

~hydrat~ Use of molecular sieve driers for final clean­
up of the carbon oxides and water in the SY!''lthes is gas to 
less than 1ppm levels has gained prom"inence in "ow energy 
ammonia plant designs. The sieves are usually located at t~e 
interstage of the synthesis gas co~pressor to red~ce volume 
requirements. The purified "lake-up gas can then be co~bired 
with the recycle and routed directly to the converter . 

Excess Nitrogen Removal: A riumber of low eriergy orocesses 
use excess air i~ the eecondary re~or~er in order to reduce 
t"'e ~rimary !"'efo!"'"'er d•Jty. The surplus ni!rogen so 
;~~roiuced ~as to be removed later in the orocess.T~e 
~uriZier cr~~eSS S"'~W,, i~ ~igU!""@ 5 ·"~Qr~~r!teS 3 cryo~eniC 

,uri~icatio" ~tep prior t0 make-up gas compressiori {59) 

Reeycl9 purp ps 

Figure s: The ourifier System 
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Methanator effluent is first dried to a very low dew point, 
then cooled, and expanded in a turbine to 1 iQuefied st!'"ess 
~s a scrubbed in a rectifying column to remove all but about 
O. 2X argon and a 1 most a 11 the methane. About half of the 
carbon monoxide in the feed after methanation is also 
removed. I CI and Uhde process designs ut i 1 i ze a cryogenic 
separator to remove surplus nitrogen at synthesis loop 
pressures (29-30). Pressure swing separation is used in 
various processes to remove excess N2 ,C02 and part of the 
methane and argon (47) . 

The methanation step is usually carried out with a gas inlet 
temperature of 300oC -350oC; therefore, the gas must be 
preheated to that temperature. Since the reac,ions are 
exothermic, the temperature may rise to 320o-400oC at the 
gas outlet, depending 01 the CO+ C02 content of the gas. A 
heat exchanger is commonly used to preheat the incoming gas 
and cool the exit gas . 
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Compression: The synthesis gas leaving the methanation step 
typically coritains about 7-1% H2 , 24% N2 , 0.8% CH 4 , and 0.3~ 
Ar, cry basis. The gas must be cor.ipressed to the pressure 
required by the synthesis s~ep. Before centrifugal 
cornpressors came into gener-a 1 use, !'"eci proca 1 corr!pressors 
were used. these rec i proca 1 compressors often i nvo 1 ved as 
many as five stages of compression with the various gas 
purification steps at intermediate pressures. Synthesis 
oressures varied widely from 100 to BOO atm deoending on the 
process. Reciprocal comoressors are still used for small 
p1a~ts (less than 500 tud), but cer~rifuga1 compressors are 
no~, used i~ the great ~ajority of ~ew olants havin~ 
capacities of 600-1500 tpd. Sy~thesis pressures in these new 
plants •;sually ar-e in the ral"'!ge of 150-250 atrn, alth-:-u~h 
sof'le of the larger plants may operate at 300-350 at!l'l. It 
was previously considered t~at the use of centrifugal 
compressors was applicable only to plants of 550-tpd 
capacity or more, but process designs using centr if uga 1 
compressors are now offered for pla~ts having capacities as 
low as 300 tpd. (15) . 

Centrifugal compressors are drive by steam turbines using 
hi g~ press•; re steam generated ma i., 1 y &re"' hot process gas 
leaving the secondary, reformer, The steam is eYhausted at a 
1 ower pressu,.e ard used in the reforrni ng process arid othe!'" 
process steps . 

Recio,.ocating co,,,pressors are driven by electric mctors. 
They are more efficie"lt than ce'1trifuga1 comp,.ess~,.s, 

typical efficiencies are reported to be 87~ ~~,. 
rec~procating compressors as co~pa,.ec with 70~ &A,. t~e 

centrifugal ty::>e. However, reciorocat~~g :o~::>res!c,.s ~,.e 
more evpersive, esoe1..ia11y for 1 a,.ge o1ar1ts. -he o,..,"''e'" 
consum::>tion i'n plants using rec•p.-ocating compress0,.s l"May 
range from 60'0 to 900 kWh/ton of arrmo"l i a as compa,.'?d wi tn 
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20-35 ~Wh in plants using steam driven centrifugals . 
However, this high electric power reQuir~ment is offset by 
lower fuel reQuirement. Where electricity is cheap or can be 
generated on site with low cost fuel such as coal and when 
the am!'IOnia feedstock ~s expensive, there may be some saving 
in operating cost from using reci~rocating compressors, 
especially in small plants. The largest plant with 
reciprocating compressors is reported to produce 670 tod of 
ammo.,ia . 

Centrifugal compressors usually are built with two or three 
casings, often with interstage cooling. Compressor design is 
highly specialized, and the details of design, arrangeme~t • 
and oceration are complex. A typical simplified diagr~m of 
a synt~esis gas loop is shown in figure 6 
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~;gure-6 TYPICAL AMMONIA SYNTH:srs LOOP 

Coo1ing and compressing the gas co~der.ses nearly all o~ ~he 
wat'?r vapor remaining in it. T~e comoressed gas enters ~he 
synthesis loop at various points depending on pro~ess 
design . 

T~e ~~jor ~ifferencP betwe'!?n •arge oia.,ts (ce~tr~~~:?al 

co~~,,.~ssors ~nd sma11 o·a.,ts '""9C~~rocati~g co~pressors )is 
that 1ari::><e> ~,a~ts !..:S'? steal"' ~rive ~':!r ".:'0.,,oresso,.s.Th~ ~?."'"? 
s:1s+'=~ -:an '°)~ US9d ;n S'l'l?.~1 bv -::!,...;vi"lg rei;:i~,..('.l".:a':i"g 

':'i:l"'~'-=-ssors w.;th a tti'"tline ~.,d a ggar . .,.li;s 1-tas b'!?~., d"ne 
S 1J~".'1?C:S~v1 1 y .;...., S""a1l o1a,.•s. ?."'d ti,g sarre or be~t9'" 
~~,.;~.;~rcy a~~;~ved as #or l~'"~e oia...,ts . 
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Ammonia synthesis: As mentioned previously, ammonia .. 
syr'\thesis is commonly carried out at 400-450"C, using an 
iron catalys~ promoted with potassium and ::1lumina. The gas 
entering the converter consists mainly of gas circulated in 
the loop with a relatively small amount of fresh synthesis 
gas called "make-up gas. The gas entering the converter 
contains N2 and H2 in a 1 :3 ratio plus 10-14 "inerts" and 
about 2X NH3 The "inerts" consist mainly of methane, argon, 
and sometimes helium if the natural gas feedstock contains 
that e 1 ement. (Methane is not, strictly speaking. an inert 
gas, but the term is used in ammonia synthesis context since 
it does not participate in the reaction). Since the inert 
gas concentration tends to increase as the N., and H, are 
removed, it is necessary to vent a side stream of Hpurge 
gas" to keep the inert gas concentration at a tole!""able 
level . 

The synthesis converter is the heart of the ammonia plant . 
Early designs were based on tube cooling as exemplified by 
the TVA ~onverter {61). Although these converters offer good 
thermodynamic operating characteristics. mechanical 
complexity limits them to smal 1 capacity das i gns. Large 
capacity ammonia plants in the 1990s exclusi•1ely ernoloy 
multiple bed converters. The range of these converters 
differ i!'l type of flow (axial, ,.adial, or cross flow). 
temperature control methodology quench or indirect cooling), 
and reaction heat recovery . 

In most reactor designs, the cool inlet synthesis gas flows 
t~,.ough an annular space between the converter shell and ~~e 
t:~talyst cartridge. This flow mairitains the shell at low 
temperatures a'ld eliminates the nossibility oz ~Y~,.~?e" 

~~br~~tle~e~t that cari o~cu,. at rior~al synt~es~s cressur~s . 
After the gas exits tlie annular space, it flows to '?~ 

internally located heat exchanger that preheats the inlet 
gas to synthesis temperature. !nl et bed temperatures are 
controlled by quenching the bid effluents with cold 
syrthesis gas. The Kellogg oue,.,ch converter shown in Figure7 
is a classic example of this reactor configuration . 

Most 1T10dern ammonia converters are designed for- ,.adia1 or 
cross-f1ow, and indirect temperatu,.e co~trol is provided ~Y 

a heat excha,.,ger. !n the horizontai ammo~ia conve!""ter 
desig,.,ed by M.W. ~el1ogg (see ~ig.8) gas flows through 
shallow longitudi,.,al catalyst beds ca11ed slabs contai~ed i,, 
an easily removable cartridge. Mcst o~ the conve,.sic~ o~c~1rs 
in the fi!""st bed whicl-\ has t~e nigl-\est c,.ivi,,g ~orce to 
equili~riurn. 9ecause of the large cress sei:tio,.,al flow 
a,.ea, the pr~ssure d,.c~ •s evt .. e..,~1y low even with S'!"a11 
cata,yst particle s':zes. A byt:'ass is !:',.ovided 3..-i::-und t""te 
i,.,te,.C'"''.),er f':I,. t'?,,,t"'=',.at-•.·re -::o"'t .. c,. Th's '."o,,ve,..t~,. "as ~een 
suc::'='ssful for "'U"'e .. ous large cacai:•ty 1esigns. Padia1 f 1ow 
~onve,.~e,.s, su~h ~s t~~~e des;g~ed by Uhde a~d Tocsoe, offer 
good ~as distribution without the oe~alty of highe,. ores~ure 
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drop. Topsoe's series 200 radial) flow converter is shown i~ 
Fig. 9 . 

(al 

Figure-8 Kellogg Horizontal cc~ver~er . 
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c:qu~e 9 Topso~'s Series S 200 Conve-ter . 

~igure 10 C F Braun's Avia1 Flow Converter . 
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Ammonia Casale's mixed (axial-radial)converter offers 
similar advantages. The C.F. Braun axial flow reactor 
provides interbed cooling outside the pressure shell as 
shown in Figure 10. Large capacity ammonia plants employ 3-
bed intercooled converters to achieve high ammonia per pass 
conversions at economical space time yields . 

The gas leaving the converter will contain 12~-18~ NH£, 
depending mainly on the pressure, conversion per pass 
increases with pressure. The gas is cooled first by heat 
e"change with the incoming gas, then by air or water. and 
finally by refrigeration to condense most of the ammonia as 
a 1 iquid. The degree of cooling required depends on the 
pressure. At high prassures much of the ammonia as a liauid . 
The degree of cooling required depends on the oressure. At 
high pressures much of the ammonia can be condensed at 
temperatures obtainable by water cooling. At lower pressures 
( 150-200 atm) increased rel i a nee must be p 1 aced on 
refri~eration. If the ammonia is to be delivered to 
atmospheric pressure storage, it must be further cooled to -
3~0c (chanter VII). The gas remainirig after am'l'l~~ia 
condensation is recycled to the co!'1·1erter by rneans of a 
compressor . 

The purge gas may be used as supplemental fuel i~ the 
primary reformer with or without prior recovery of its 
ammonia content by water scrubbing . 

In ~ome cases it may be wort~while to separate t~e purge gas 
components cryogenically (after Nµ 3 recovery). T~e ~H 4 and 
µ 2 ca~ be returned to t~e pro:ess, a~d the argon ca~ be sole 
w~~~e t~ere is a ~ar~et for i~ . 

In at typical ammonia pl ant, the purge gas represents 4-6% 
of the total synthesis gas. A typical purge gas composition 
for loss t/d plant is should in Tab1e.( ) All modern plants, 
incorporate systems that could extract the hydrogen fro~ the 
purge stream. This hydrogen is recycled to the compressor . 
Table-I 
Purge Gas Input 
Component Range, mol~ Normal, 'TIO l % 

Hydrogen 60-65 64. 5 
Nitrogen 19-?2 21 . 5 
Argon 3-5 4. 1 

Methane 6-14 7.9 
.Ammonia 1.5-3.5 2.0 
Pressure, b~r 00-250 140 

Hydrogen recovery syste'Tls. ryoge" i:: syste~s coT!') 1 '1at i 0"' c~ 
cryoge.,ic a~d member systems a"e ava• 1 ab1e ;"' ~~e mar~e~ . 
Anot"'er recove"y of ut i 1; z i ':'9 nurge g3s ; s the :::iurge g~s 
conversion u~it (PGRU) made ~Y Ke1 1 099 . 
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f 
CRYQGENIC SYSTEMS 
The technology of cry~genic hydrogen recovery is offered by 
vendors such as Costain Engineering ltd., Air Liquide and 
Linde AG. The cryogenic process works as follows: ammonia is 
removed from the purge gas by washing with water, followed 
by molecular sieve drying to provide a clean, dry gas. The 
solution is passed to an ammonia stripper to recover 
anhydrous ammonia. The gas is then cooled in a plate-fin 
heat exchariger, mounted within a cold box, at the maximum 
allowable pressure (70-80 bars), to give a hydrogen-rich 
vapor phase and a liquid phase. After separation the 
hydrogen rich fraction is fed to the intermediate stage of 
the synthesis gas compressor. The liouid from the separator 
is expanded and used as fuel gas. Typical recovery rates are 
94,; of hydrogen and 30~ of nitrogen with 90~ rejectiol"I of 
inerts . 

MEMBRANE SYSTEMS 

The ~irst membra~e syste~ was introduced by Du Pon~ in the 
e!rly "970s, but ~~e first system to ~~ c0m~ercia11y 

"13.rketed "1as Prism from Monsanto. The comoany is currently 
leading ~h~ market in membrane gas separation systems 
thr0ugh its subsidiary Permea. with nearly two hu~dred units 
irs~a11ed since 1979 . 

Se~aration of gases by a membrane occurs 
dif'fere11ces iri diffusivity and solubil~ty 

rT'embrane rnatri x. The transport rate across a 
deter~~r.ed by the size o~ the gaseous Molecule 
of" ~~e~ical interactions it has with the 

due to the 
withi11 the 
!"lembral"e is 

and the ty::>e 
,-;a'":rix. The 

~~~~r~ne matriv ~s muc~ more cer~eab1e to ~o,ec~1es s~c~ a~ 

'f•ater vapor, hydrogen and 1-ielium, which are "f3s~" 
'Tlolecules, tnan Molecules such as nitrogen, met'1ane, argon 
and ovygen, w'1ich are "slow" molecules . 

The Prism system uses g Polysulphone hollow-fibre membrane 
with a silicon rubber coat. The coat is used as a top layer 
to cover any defects in the pore system, so cu~minating the 
influence of any imperfections. Thousands of hollow fibres 
are bundled together ;., a pressure vessel, to give a large 
surface area for a small i11sta11atio11, as shown in Fig. 1 . 
The pressurized purge gas e11ters the shell side and passes 
along the fibre surface. Due to the difference iri partial 
pressure betwee11 the inner and outer surfaces, the hydrogen 
i~ the ourge gas permeates through the walls to the bore of 
t~e fibre, which is sealed at too and opens through a tube 
she~t at the ~ottom. The hyd~ogen-~ich permeate gas is 
de~"'"ored at the bottC1111 o~ the separator at essentia11y t~e 
s~~o ~~essure as t~e ir1et ourge 9as . 

u i 2,_, ~,,....,,on i a 
fibre, so a 

:an~e~~rations d~mi11"'sh the oerformance of the 
water scrJbber is employed ups~ream of the 
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separators. The ammonia is then recovered in an ammonia 
stripper, Fig-11 shows the complete recovery scheme. The 
scrubbed p1,;rge gas is then heated to 32oC and passed into 
the Prism separators. Depending on the degree of separation 
required, one or two banks of separators may be used. If a 
second bank is used the pressure of the permeate gas will be 
low, and so this is fed to the low-pressure compressor 
suction . 

HYDROGEN RECOVERY FROll 'WIOlllA PLANT PURGE 

PVllGE 
GAS 

FEED 
llEATEll 

~igure 11 Ammonia Recovery System . 

NllmATETO 
HIGH PllESSUllE 

COllPRESSOll 
SUCTIOll 

M.IECT'----C~ 
G.U TO llEFOllMEll 
ll'UIL 

"".IUIEA Tl. TO 
LOW Plll.SSUllE 

COllPllUSOll 
SUCTION 
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MODERN LQW ENERGY STEAM REFORMING AMMONIA PROCE5-Sf.S 
Considerable research has been done in steam reforming 
process in recent years. Many en9 i neer i ng companies have 
developed t'1eir proprietary processes important am0ng these 
are: M.W. Kellogg orocess, Halder Topsoe process, !CI,s A~V 
process, KTI's PARC process, Braun purifie .. process. T'1e 
er'lgineerirg co;;;panies have developed riew flow s'1t?e-ts after 
modificati0n of particular sections of t~e p .. ocess in orde .. 
to imorove energy e~fic~ency. Sali~nt ~ea~ur~s o.f ~hese 

proce~ses are given he .. eunder: 

The c.ata 1 yt; c steam "iy-jrocarbon 
raw synthesis gas by steam 

reforrrd ng 
.. efor-r.,ing 

process oroduces 
U"der p .. essure, 
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followed by CO. shift purification of raw synthesis gas and 
ammonia synthesis. The 9rocess features efficient integrated 
generation system, a high level of process heat recovery and 
use of centrifugal compressors. Exit pressure from the 
primary reformer is normally 400-500 psig. Exit temperatures 
from the primary and secondary reformers are approx. 1500-
i eoo0F, while shift reaction temperatures are about 800 °F 
and soo°F for high and low temperature shifts respectively . 
Synthesis pressure depends on plant capacity ~~d compressor 
selection. High capacity units involving the use of 
centrifugal compressors have synthesis pressures in the 
range of 2000-4500 psig . 

HALDQR TOPSOE PROCESS 

It is 3. low energy process for the manufactu!'"'e of ammonia 
from gaseous, liquid or solid hydrocarbon feed stock. Main 
features of the process are desulfurization of the 
hydrocarbon feedstock by means of hot zinc oxide at about 
4009 C, in case of refractory su1 phur compounds a 
hydroge~&tion step is installed upstream of zinc oxide 
•1e-sse 1. 1eformi ng is done in two steps, ;:dmary reforming 
a~d secondary auto-thermal reforrni ng. Topsoe designed 
~~r"ace is of side wall fired type. High temperature shift 
is operated at about 392QF and low temperature conversion is 
done at 356QF. co2 removal is based on absorption of co2 by 
"1ea!1s af physical absorption for whic'1 no heat of 
regeneration is requirej. Ammonia synthesis i~ based on 
Topsoe S-200 radial flow ammonia co~vertor. The loop 
::>ressure is ;,, ':he range of 200C.-3125 psi~ de~e,...ding o,, 
loc?.1 condition . 

In th.e AMV orocess great~r than stoichio~etric amount c~ air 
is fed to the secondary reformer. This subseauently reduces 
natural gas feed and fuel require~ents of the priMary 
reformer. Other main difference is ammonia syritnesis loop 
which operates at 60 to 100 bar .. A. new synthesis catalyst 
has also been developed. This results in lower operati,,g 
temperature and increased conversion efficiency . 

IC!'s LCA (Leading Concept Ammonia) process.is 
di~ti,,guished by the fact that energy efficiency at small 
s~ale (i.e. around 400-500 t/d) is virtually the same as ~or 
1arge plant low energy processes. ~cono~y of sca1e is being 
cnal,E:nged by small is beautiful in t"'ese times o~ si0we,. 
c3~3~ity growth a~d rationalization! 

~Y stark contrast, the LCA or0cess uses the ~eat ~enera~ed 
in the (eYother~ic) seconda,.y re~o~mer ~o heat di,.ectlv t~e 
catalyst tubes in ~he primary refor~er . 
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The arran~ement to achieve this is also simple enough, the 
primary reformer sits above the secondary reformer. As with 
other processes so far described, excess air is fed to the 
secondary reformer, but then a 11 the heat required in the 
primary reformer is taken from the hot process gas leaving 
the secondary reformer, rather than radiant heat from fuel 
fired burners. Thus the cathedral like structure of a 
conventional primary reforming furnace is substituted by the 
proprietary Gas heated reformer, GHR, in which the catalyst 
tubes are effectively arranged in a compact refractory lined 
heat exchanger. Since the requirement to raise steam from 
the reaction heat of the secondary reformer is much reduced, 
a totally integrated team system is no longer necessary . 

Carbon dioxide, inerts and excess nitrogen are then removed 
from the raw synthesis gas plant. Ammonia synthesis itself 
takes place at low pressure, below 100 bar, using highly 
active catalyst . 

Electric drives are used for most rotary equipment, and 
because there are no turbine drives there is no rieed to 
raise 100 bar steam. Steam production is limited to 60 bar 

ICI has stated that the net energy consumot ion of the 
process, as demonstrated at its two 450 t/d uni ts at 
Severnside, UK, is 29.4 GJ/tonne ammonia . 

KTI's PARC PR~ESS 
This process is said to be particularly suitable for 

smaller plants, yet claims energy efficiency co!'!lparab1e 
with much larger plants. PARC process was developed by 
combining a number of proven techniques. An air separation 
unit is used to provide cure nitrogen for am~onia svntne~i~ 
the oyyg~n enriched toi1 gas from this unit is co~bined with 
the combustion air fed to reformer. Before ammonia synthesis 
the raw synthesis gas is purified by a pressure swing 
adsorption system. In the synthesis loop an axial radia1 
type converter ~s used which is vertical design containing 
stacked modular catalyst beds in which the gas flows in a 
predominantly axial manner in the first zone of catalyst bed 
and in a radial flow in the second zone. Advantages claimed 
fer it include high conversion yields, low pressure droos 
and low investment costs . 

BRAUN PURIFIER PRQCESS 

~ain features of the orocess inc1ude mild primary reforming, 
secondary reforming with eYcess air, cryogenic purification 
of synt.,~sis gas and ammonia synthesis in adiabatic 
conv~"'ters. Pri rnarv reformer temperature is aene!'"a 11 v 1 ess 
t.han 1no0c insti;-e,d of over 915°c as in- ronven.tional 
refo,..m i ng. i:ue 1 .. eau i rements in thus reduced. I., the 
".'"'YC'C}e.,ic ourifier steo eYCeSS '1itrcgen is re'1'1oved, methane 
~nd ~rgon too are removed from synthesis gas. This resu1ts 
in saving in compression oower. In addition liigner 
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concentration of methane can be tolerated at secondary 
reformer outlet. Mi'<ture of methane, excess nitrogen and 
argon removed provides t.he gas needed to regenerate the 
drier and fuel for the primary reformer. Further complete 
removal of water and traces of carbon oxides lengthens the 
life of the synthesis catalyst. Synthesis converter contains 
a single adiabatic catalyst bed, ammonia synthesis is 
carried out in two or three converters. All heat exchange ~G 
external and quench cooling is not required. Excessive 
catalyst temperatures cannot occur under normal conditions . 

Another means for utilizing purge gas is a purge gas 
conversion unit (PGCU) made by Kellogg. The unit consists 
essentially of a second ammonia, synthesis loop in which the 
purge gas is compressed, passed through a converter 
containing ammonia synthesis catalyst, and then coo 1 ed to 
recover additional ammonia After ammonia recovery, a 
relatively small purge stream is drawn off for use as fuel 
and the remainder is recycled to the converter. The unit can 
be added to an existing ammonia plant. Since it converts 
75% of the hydrogen in the purge gas to ammonia, ammonia 
~roduction is increased by about 5% without in~reasing 
&eedstock requirements. The ratio of addi ti ona 1 investment 
~nd operating cost to incremental ammonia recovery is said 
~o be quire favorable . 
~rgures 12, 13, 14, 15, 15, and 17 are the flow diagrarris cf 
the above processes respectively . 

.,,_,.. -

' Figure 12.F1ow Diagram of ~ellogg Proc~ss . 

-=-· --. .,._ 

""" .... .... 
= 

40 



• 

• 
I 

t 

I 

I 

• 
I 

I 

I 

• 
I 

I 

t 

• • • 
I 

I 

• • • • 
I 

• 
• • 
• • 
• • • • 
• • 
• 
I 

• • • • 

. .... 

••• 

•n•oGH 

STEAM RllESSUllE 
aEFOllMlllG .,.. __ ..i sw.­

AllD H.T. 
Siii" __., ... 

STEAM 

ELECTltlCITT 

Figure 13.Flow Diagram of Haldor Topsoe Process . 
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Figure 14 Flow diagram of AMV Process . 
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~igure 15 ~low Diagram of ICI's LCA Process . 
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~igure 17. ~low Diagram of 8~AUN Purifier Process. 

.e!RTIAL OXIQATION PRQCESSES USING HYDRQCARBQ!i FEEDS.:!Qt~ 

Hydrccarbol"S heavier than naohtha ca., be used as feedstocks 
for am,,,onia oroductio,., by oartia1 ov;datiori 
!:1""1'.'Ce'3SeS. P.Jatura 1 gas and naohtha 31 C::O rar tie ".IS'?-j. ~ 1.lt 
si.,ce the plant cost for the oartial ovidat.;o,, process is 
co11siderably higher than that for steam refor~i~g. the 
li<lhter feedstocl.<s seldo'TI are used. However. the partial 
o~idatiol" process does offer the advantage of wider choice 
of feedstock with greater tolerarice for impurities. The main 
disadvantage is the higher capital cost since an air 
separation plant is required to supply o~ygen to the 
gasification step and nitrogen in a later steo. · 

Crude petro 1 eum cari be used as feedstc~k, but the moc:t 
common feedstock is heavy residual oil from petroleum 
refining processes which has had the more valuable lighter 
fractions removed. Such oil may contain 3.5~ S, deoending on 
the sulfur content of the cr~de oil and the re-inirig 
process. using such oil for fueJ or oower ge!"eration would 
invo 1 ve exoen$ive e~uip~ent ~or oo11uti~n abate~ent in ~ost 
cou!"ltries: therefore, it is 0fte11 :svai1ab1e at a ... eiativeiy 
1ow cost.The caoi-:a1 cost di-fe"'e'1Ce lias been rec~.-:ed 

"'ecently as oressure in the gas 9enerati0n $~e~ rav~ 
9~proached 100 atm,thuS reduci11g eYpensive Sy~ pas 
comnress i 0n . 
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The feedstock requirement typically is about 0. 74 tons of 
heavy oil per ton of anrnonia (17). In addition, about 0.23 
tons of oil or the equivalent in other fuel is required for 
generation of steam and electricity. In contrast with the 
steam-reforming process where most of the fuel is used in 
the reforming furnace, which requires a premium grade of 
fuel, the auxiliary fuel for a partial oxidation process is 
used in a separate unit which can use coal, for example . 

44 

The principal partial oxidation processes are known as t"'e 
Texaco, Shel 1, and Koppers-Totzek processes. The koppers­
Totzek pro~ess is also used for coal and will be described 
under that heading. The Shel 1 and Texaco orocesses are 
generally similar. Figure 18 is a simplified flow diagram of 
the partial oxidation process . 

i=i9•.1"'~ 1~.Sirr:'.)H~i~d s=iow Qi9gra"' (')-F th~ Partial Ovidation 
Pr0~~~s 
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The gasification pressure in partial oxidation processes has 
been gradually increased to a range of 60-90 atm which helps 
save energy for compression. Lembeck describes a flowshe~t 
using Texaco's partial oxidation technology in ~hich 
gasification and purification are carr;ed out at 72-90 
atm( 1 7 ) . Heavy fue 1 o i 1 is preheated and pumped into the 
gasifier together with high pressure steam and preheated 
oxygen from an air separation unit. The reaction takes place 
at a high temperature ( 12000-1 SOOoC) , and no cat a 1 yst is 
required. The chemi ca 1 reactions i nvo 1 ved are cof!'lp 1 ex a"d 
not completely understood. However, it is genera11y believed 
that the oil is cracked to form carbon and methane and other 
~ydrocarbon gases; these products are partially oxidized to 
CO, co2 and ~20, and partially converted by steam to co and 
H2 . A typical co111position of the resultin~ gas is 46~ H2 , 
47~ CO, and 4X co2 dry basis with small percentages of H2S 
and N2 . A cons i derab 1 e amount of soot (carbon) remains 
suspended in the gas . 

The hot gas is Quenched with process water to t.,e in 1 et 
temperature of the shift conversion step ( about 300 °c), 
and most of the soot is removed in water which goes to a 
soot recovery urd t. The soot is eventua 11 y recycled i !'1 the 
oil feedstoc¥ or used as fuel for steam generation. and the 
water from which the soot was recovered is recycled to the 
que~ch step. The Quenching step also vaporizes some of the 
water into the gas strea~. which supplies water vapor !'1eeded 
for the shift reaction . 

The shift reaction is carried out with a recently developed 
coba1t-molybcenum catalyst; thus, the CO conte!'1t of t~e gas 
is reduced to about ,,_ The next step is removal of co? and 
"'?S ~Y a ~e-::tisoi si:rubbi""g O'"ocess using met"'a~~, ?.s t:he 
solvent. The H?S is recovered separately and se~t ~o a Claus 
process unit .,-or conversion to elemental sulfur. Since the 
co2 is of adequate purity for urea productio!'1 and is 
available at 2.5 atm and 40oC, compression costs are 
lowered . 

The final purification step is a liquid nitrogen wash 
process which uses 1 i Quid nitrogen from the a i-r separation 
plant. This process removes CO and also 1o~ers t~e c~4 and 
argon content to a very 1 ow 1eve1 . These i rripur it; es 1 eave 
the process in a gas stream whic~ is useful as fuel in stea~ 
gel"eration . 

Prior to the nitrogen wash, residua1 co? ~ust be removed by 
caustic scrubbing a,,d water is '"erncwed by silica gel or 
other desicca,,t to prevent free~ing of tliese gases;,, the 
nitrogen wash c0lumn . 

~fter our;fi~;:iticn, nitrog~n is :ldd~d ti'.' adjust the N2 :i..i 2 
r~tio to t~e stoirhic~etric 1 :3 ratio, a,,d the g~s is 
compressed to ~30' atm for a"1monia synthesis. This st'E"p is 
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similar to that described under steam reforming processes • 
However, it is c 1 aimed that, because of the efficiency of 
the nitrogen was step in removing impurities and inerts, the 
synthesis steo can be operated without gas purge and, 
consequently, with higher efficiency. Also the gas purity 
contributes to lcng life of the synthesis catalyst . 

It should be noted that the total fuel and feedstock 
requirement is 0.97 tons of heavy oil oer ton of ammonia . 
This amount represents enough fuel to generate al 1 of the 
steam and electric power reQuired by the process including 
the air separatio'l plant . 

Supp describes an ammonia pla!"\t built in and operated by 
VEBA Chemie (Germany in 1972. This plant uses heavy residual 
oil (2.5X S) which is gasified by the Shell partial 
oxidation process (18). The plant is capable of producing 
simultaneously 1,215 tpd of ammonia and 450 tpd of methanol 
but has sufficient flexibility to produce ~ariable 
proportions of the two products up to a maxi~urn of 1,400 tpd 
of ammonia or 600 tpd of met"'enol. Either unit can be 
operated independently.A second ammonia olant with a 
capacity of 1600 tpd came into oroduction 197a and was 
revamped in 1989 to expand its caoacity to 1950 tpd . 

The process is ge!"lerally si!"lilar to that described above 
with some exceptions that relate to the coproduction of 
methanol. However, one basic di~ference is that H2s and co2 
are removed before the shift corwersion steo by a Rectisol 
scrubbir.g step, and co? for"led ir. the s'1i~~ conversion is 
also removed a-Fter shi.ft conversion by Rer:~isol scrubbing . 
Final purificati0n is oer~ormed by i;ouid nitrogen wash ?<;: 

in tlie rrevi0L•S '="a,...•o1e. T!"e low irr.n1.:rity ~o.,tent Of ':."-e 
al'l"l~onia syntliesis gas is illustrated by the al""alysis tha~ 
shows less than 10 ppm cf CH 4 , less than 30 ppm of Ar, and 
less tha~ 1 pp~ of CO and all other impurities . 

The Shell gasification 
process mainly in that 
gasifier and a different 
recycli~g the soot . 

process differs from the Texaco 
a waste heat boiler fol lows the 
method is useG for co 1 1 ect i ng and 

Capital cost of an Ammonia plant with partial oxidation 
process are 1.s to 2.00 times the cost of an Ammonia plant 
for natural gas re~orming . 

A naphtha p 1 ant costs 15-20~ more than tlie natura 1 gas 
plant . 

t.bout 10~ 0~ the world's ammonia oroduction is !:>ased on 
coal, coke. or lignite. About ha1f o~ tlie coal-based 
capacity is in the People's Republic of China where t'iere 
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are over 1,000 small plants with production ranging from 
23,000-10,000 TPY (9).Capacity of most of these plants have 
been increased up to 15, 000 to 25, 000 tons/yr by 
modifications and technology improvements (35) . 

At present their are 18 coal based plant operating in GreecP. 
, Yugoslavia, Soutt"i Africa, Zambia, Turkey, India Japan, 
Oman and North Korea. The capacity rise is 50 to 1000 tpd. 
Apart for these plant there are a number of small capacity 
plants operating in China . 

A plant based on coal gasification was started in United 
States in 1985 but it operated for few years only . 

The technology of one of these plants has been described 
(21).The feedstock was lump anthracite or semianthracite 
although it was reported that briquetted coal or lower grade 
coal was used in some plants. In general, the process is 
similar to the original Haber process which was described 
previously. The coal was gasified in a semi water gas 
produt:er blown alternately with air and stealTI. Gas 
purificatiori sequence was water scrub, H2s removal, shift 
conversion, co2 removal by water scrubbing, and copper 
1iouor scrubbing fro CO removal. The gas was compressed in 
six stages by reciprocating compressors with the 
purification steps between various stages. The product from 
the small plants is oft4n used to make dilute ammonia 
solution (16'!g-25'!g) or ammonium bicarbonate for local use, 
although so~e of the larger plan~s make ammonium nitrate . 

Several large moderri ammonia plants have been constructed 
rec'?l"'ltl~ i'l C"'i!""a whic'1 9re b~c:;ed O" ~?.t··--?.1 9as, ~!"'1 ~.-,re 

are under construction. However, it is .-:1an'1ed to contirue 
operation of the sma 11 p 1 ants and to bu i 1 d more sma 11 and 
rned i um-size p 1 ants ( 50, 000-100, 000 tpy). These sma 11 er 
plants will supply local fertilizer needs in areas where 
transportation facilities are not adequate . 

Te"aco coal gasification technology was demonstrated on a 
small industrial scale in 1982 at TVA. In 1984 Ube 
ind1Jstries iri Japan commissioned a new frorit end based on 
this technology which an existing ke11ogg 1500 tpd a~mon;a 
plant sy,,thesis 1oop. TJiis Ube's facility in now f1evib1e 
enough to produce afl'1monia from coal, petroleum coke, naphtha 
or LPG as reou~red . 

~oa1 gasification process for ammonia oroduction can be 
cl~ssi~ied accord•ng to the ~et~od of gasi~icatiori as fived­
~ed (1urgil. fl~idized bed fwinkler), or entrained ~ed 
rv0poe,.s-Totz1?k a,,d ~evaco). The so-called fived bed 
t;;3sifit::'.atiori is rnore accurately called a ,.,oving bed. Lumo 
i:-0?.1 f5-?.0mrn) is charg.:-d at the top and descends 
r.'"11.J,.,t~,.currerit 1 y to the gas stream. As it descerds, it is 
~frst dried and or~heated, then carboriized, and finally 
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gasified by the oxygen and steam entering the bottom. The 
coal ash is discharged from the bottom through a grate, or 
in one modification, as a slag. Because the countercurrent 
method of operation results in good heat exchange, this 
method requires lees heat and, hence, less oxygen than the 
other methods. Also, the expense of drying and fine grinding 
of the coal is avoided. 

The Lurgi moving bed sasifier usually is operated at 30 atm. 
It requires the 1 east amount of oxygen--one-ha 1 f to one­
thi rd as much as entrained coal gasifiers. It is not 
necessary that the oxygen be of high purity; 90~ is 
satisfactory. The gas leaves the top of the gasifier at 
about 450oC and is coo 1 ed and we shed to remove tar, 1 i quid 
hydrocarbons, dust, etc. The washed gas contains co, H~, co2 
CH4 , and ether hydrocarbons. It is treated by a ser1es of 
steps including steam reforming, CO shift conversiol'l, co2 
and H2s removal, 1 iquid nitrogen wash, steam reforming of 
the methane that is separated by the nitrogen wash, nitrogen 
addition, and compression to produce ammo!"lia synthesis gas 
(25) .Methods of underground gasification of coal have bi?el'l 
developed in Russia and the U.S which are ai~ed at 
elimination of m1n1ng and reasonable recovery.A system 
developed by Energy Internat i ona 1 in the U. S for "s 1 oo i ng 
bed· cool seam claims 60~ coal recovery and provides 8 atm 
gas thru injection of o2 and steam into the bed. 

Some 1 imitations of the fixed or moving bed gas i fi cation 
process are that the coal must be in the form of lumos '5-30 
~m), the coal must be of the noncaking variety or oretreated 
to prevent caking, and various by oroducts are ~or~ed (tar, 
phenolic compounds, lig~t oils. etc.) that must be r~1 1 ected 
arid utilize.j or disoosed of. In preparing t'"ie sized ccal 
feed, fil"es are formed t'"iat can be burned i11 al'l auviliary 
plant to generate the stea~ and electricity requireme!'1ts of 
the process. Tar can also be burned O!'" injected into the 
gasifier at a point w~ere the tem~erature is high enough to 
gasify it. 

In the fluidized bed gasification process, of which the 
Winkler process is the main example, foal or· 1ignite is 
ground to less that 15-mm practical size and introduced into 
the fluidized bed through feed screws near the bottom. Steam 
and oxygen are injected near the bottom of the fluidized 
bed. In contrast to the gradua 1 increase in temperature of 
t.,e coal in the rT1oving bed process, the fluidized bed is 
essential,y isothermal (about 1000 °c). Consequently, there 
is '1eitf'"ter tar nor other liquid byoroducts, and the gas 
contains ~ain1y H? and CO with 1ess than 1% CH~. ~ 
substantial amount -o.,:- ash is entrained in t"'e gas st,...eam. 
The hot gas is cooled ~Y waste-heat boilers and scrubbed to 
remove a~h and tnen ~urified in a seauence of steps si~i1ar 
to other proces~es. The process produces a char containing 
6~-12~ of tne car~on in the feed. About 90% of this char is 
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removed from the bottom of the gasifier in a dry state; the 
remainder is recovered by wet scrubbing of the gas. This 
char can be burned in an aux i 1 i ary bo i 1 er to supp 1 y steam 
and electricity. 

The Winkler gasifier is widely used to make producer gas for 
industrial and dome£tic use, but few have been used for 
ammof"lia production. Its advantages are that it wi 11 work 
with almost any grade of coal or lignite and that it is 
adaptable to high-capacity units. Disadvantages for ammonia 
production are low pressure (1-3 atm), which increases 
compression costs, and the ash content of the gas, which 
requires an electrostatic precipitator for final cleanup. 

Entrained coal gasifiers are typified by the Koopers­
Totzek(KT) and Texaco processes. Most of the present coal­
based ammonia plants (except in China) use the KT process. 
The process is essentially a partial oxidation process as 
are most coal gasification processes. One K.T. ammonia plant 
based on coal gases is in operation since 1988 in Finland. 

In the KT process coal is dried and finely ground to about 
75~ through 200-mesh (Tyler). The powdered coal is picked up 
by streams of oxygen and blown into the gasification chamber 
through two burners facing each other. More recently, four­
burner units have been used. Steam enters through annular 
openings around the burners. The gasification is complete in 
about one-tenth of a second at temperatures in the range of 
10000-1200°c. Part of the ash is fused and removed from the 
bottom of the gasifier, an~ part is entrained in the gas. 
The gas typically contains 56% co, 31% H2 , 11% co2 , and less 
than 0.1% CH 4 . A~ter being cooled in waste h~a~ boilers, t~e 
ash is re,..,oved by wet scrubbing and e 1 ectr0stat i c 
precipitation. The remainder of the ammonia synthesis gas 
preparation is similar to that described ur.der partial 
oxidation of fuel oil . 

Disadvantages of the process are the need for fine grinding 
of coal, operation at low pressures (1-3 atm), and higher 
oxygen consumption than other coal gasification processes . 

Texaco partial oxidation of coal has been proven at TVA in 
the U.S .The plant was built , started ar.d shutdown on t~e 
~970. 

The Texaco coa 1 gasification process is tfie rewest ore arid 
has not yet been applied to ammo~ia pla~ts a1~fio~g~ 

evtensive development work has been dorie o~ ~he gasifica~ion 
process, and it wi11 be used in t~e TVA demons~rati~n 
plant.(23) 

The Tevaco precess dif~ers from the ~T pr~cess ;., t~3t ~~e 

finely ground coal is mixed with v:ater to fo"'rT' a t~ick 
slurry containing about 45% water ovygen, i"\to a gasifier 
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which can operate at pressures as high as 180 atm. The 
process as applied to ammonia production has been described 
by Mitzer and Moe (24). In this case the gasifier is 
operated at 58 atm and about 1300oC. Fused ash is quenched 
to 1000oC by a combination of water and cool gas recycle. It 
then passes through a waste-heat boil er and is cleaned to 
remove soot and fly ash in a venturi scrubber. The sequence 
of the remaining steps of synthesis gas preparation is CO 
shift conversion, removal of H2s and co2 by Rectisol wash 
(cold methanol), and liquid nitrogen wash. As in other 
partial oxidation processes, t~e H2s is converted to 
elemental sulfur . 

Ammonia from Electrolytic Hydrogen 

Several ammonia plants !'lave been built to produce ammonia 
from hydrogen that is produced by the electrolysis of water . 
These plants have been located where low-cost hydroelectric 
power is available in Norway, !~dia (Na!"ga1), Egypt(.A.swan), 
Peru (Cuzco), Iceland, and Canada (Trail, British Columbia). 
The tec~~ology of the electrolytic process has been 
described by ~rochek and Grundt (27, 28) Purified water is 
the feedstock; potassium hydro~ide is added to increase the 
~on duct iv i ty, but it does not participate in the react ·ion. 
Commercial ce1ls vary somewhat in efficiency, but a typical 
power consumption is 4.3 kWh/ton of am~onia (28). ~dditional 
energy is requ; red for an air separ:tt ion p 1 ant to produce 
the nitrogen required for a~t'Tlonia production. Energy also is 
r-=qu ired ~or C·'.)'!l;:>ress ion of '::1-\e hydroge"' ~'1d nitrogen a!"C 
recirc~.· 1 ati~n of tl-\e gas t'Tlivture -t:hrougli t"'e Sy"'t""esis 10'~C'. 
the t:::·~al erierov rec•.Jirernent is abot.:t 1 0,200 kW"i/ton C:·f 
=tmmonia. This e!"e!'"gy is equivalent to about .9 .. 9 million 
kcal/ton of ammonia, whic'1 is about the same as for naturai 
gas-based ammonia plants. Yowever, if fuel were used to 
generate electricity, nearly thre-:> times as much thermal 
energy would be required since the efficiency of conversion 
of thermal e,,ergy to electrical energy is seldom more than 
38%. 

~er.era claimed to have a cell operation at about 20 atrn.Th1s 
wou!d make ammon~a e1ectro1ytic ammonia more competitive 

"!"'ie process :ierierates one vo 1 ume of ovy9el'"I ::ier two vo 1 uriies 
cf hydroge"' or about O. 7 tori of O?/ton of Nl-l 3 ; thus, a 
credit for ~yproduct ovygen can be taveri if tlie!'"e is a use 
~0r ;t. ;:or eva"1p1e, tlie ovygen·can be !JSed in an iron and 
~·ee 1 ;,,du~!,.~. ~ :~a11 additionai amcu,,':: of ovygen would be 
?.''?.~1:\b,e 1..->Jrr• the air separatiol'"I unit. Another noteritia1 
=:-:'~ .. -.;j·;:::t is "-e:!'.'Y 1··~!er rcei.:<::erium ovide, D?O. The '1ydr0gen 
~: e 1 e:::t ... o1y::e1 1"Q'"e r3;:::ic1y t"ian its is-:-tooe, dei.:ter~u'"I\, 
<::"'~s. the CO"'Ce"'tration o~ D?O in the e,ect ... olyte builds up 
~..,~ '."'a:'\ be .. ecovered at a r::1te of 70 g/to'1 of NH 3 ( 28). 
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Heavy water is used in some types of nuclear reactors. 

The bulk of the investment cost for an ammonia plant based 
on electrolytic hydrogen is for the electrolyzers. One Norsk 
Hydro electrolyzer with 235 cells with have a capacity 
equivalent to about 3.75 tpd of ammonia although smaller or 
larger ones can be built. Larger plants normally use a 
number of identical electrolyzers; for instance, a 200-tpd 
pl ant would require about 53 el ectrol yzers in operation. 
Extra units usually are supplied so that some of the units 
can be shut down and cleaned without interrupting or 
decreasing ammonia production.Since the electrolytic process 
does not produce co2 ammonia cannot be used to make urea 
unless co2 is available from another source. It can be used 
to make ammonium salts (sulfates, phosphates, or nitrates), 
or ammonia can be applied to the soil directly either in the 
anhydrou~ form or in aqueous solution chapter X) • 

Since the desired capacity of the electrolysis p1ant is 
obtained by installing the required number of 'Jnits, the!""e 
is little economy of scale . 

The cost of production of ammonia by the electroiy~ic 
p!""ocess is not greatly dependent on plant size but, of 
course, it is strongly dependent on the cost 0f 
electricit:1,. Thus, if low-cost e1ec":ricit~ ;s available, 
the electrclytic plant would be competitive with plants 
u~~~g other processes, particularly for small plants . 

A particular advantage in developing countries wo~ld be the 
fact that ammonia production ~ro~ electrolytic ~ydrogen is a 
much simpler orocess than those using other feed3t~c~s. 

1-fydroge., is a, so produced as :\ byproduc": o-F e 1 ect r.:- 1 yt i:: 
production of chloril"e ar"ld caustic soda, arid seve,..a1 smal 1 
ammonia plal"ts ha~e used this byproduct for ammonia 
production either as the on 1 y ~eedstock or as a 
supplementary source. The amount of hydrogen avai1ab1e from 
chlorine-caustic plants is too small to supo!y a significant 
portion of the ammonia needs in most situations . 

,EtONOMICS O~_AM_MONIA PRODUCTION 

Caoital Reaujrement~ 

Since arr1111oriia oroduction is liigh1y capital ;n":ersiv'?, it is 
'?specia11y important that ~he est'matec 'Jr sssu!'T1ed :::a;Jital 
cost be as acciJrate ~md '"eai.ist•c ss ocssib1e. Wren tr·e 
~recess, ~eedstock, and ,ocat•on ~ave bee~ seie~ted, a~ 

accurate est i rr.ate c& the cao' ta 1 ""e~u; ""e'!'e~ts car :-e m~ce 
alt~O~gli e'en t.,en t~e 3C":~a· COS! o&te~ ev~eeds t~e 

es"":iriate b:1 a s·J~st?.n":ia, ~"'0'.J"": '=''"• 1 ess & .. o?'J'.1e"t 1 y, is 
less ~~an t~e esti~3te . 
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For the purposes of this manual, no specific locations will 
be assumed and, therefore, investment cost estimates 
illustrate only an order of magnitude. It is hoped that the 
estimates will be useful as a guide, particularly for 
comparative purposes, to indicate the effect of such factors 
as location, choice and price of feedstock, scale of 
operation, and percentage of capacity utilization on 
production costs. 

Ammonia p 1 ant construction ccsts increased sharp 1 y in the 
period of 1967-74; the 1967 UN manual shows a battery-limits 
cost of about $11 million for a 900 tpd natural gas-based 
plant at a U.S. location (29). A similar plant was estimated 
to cost about $50 million in 1974 (13). Since 1974 cost 
increases have been mi nor; a 1978 estimate was about the 
same ($50 million), implying that cost-saving techniques in 
the ammonia plant engineering and construction industry have 
offset rising labor and material costs (30).Today's estimate 
are around $150 mi 11 ion and the plants a,...e claimed to be 
much more efficient. However, it is unlikely that greater 
eTficiency will continue to offset rising construction costs 
i~ t'1e future. 

IYIL~of Estimates: There are three common types of 
estimates which differ in what they include. The most common 
type is for a "battery-limits" plant, which consists of the 
orocess equipment erected and ready to operate when supplied 
with specified ·feedstock and utilities. There is some 
variation in what facilities are included in the battery 
1 i~its; for instance, cooli~~ towers for recirculatirg 
~coking water and facilities f~r boiler feedwater trea!men~ 
msy or may not be included. !n oartia1 oxidation processes ?. 

seaarate boiler Tor ~e~erating steam and {often) e,ectr~c;t: 
;s inc,uded; whereas, in steam-reforming processes, 
sufficient steam is generated i~ the process to supp1y 
process needs for steam and mcst of the mecha'1ica1 energy 
but not electricity. Thus, a battery-limits esti~~te ~hou1d 
have a defini+ion of what is or is not included. 

A "turrtkey" plant estimate i~c1udes not only the battery-
1 imits unit or units but also a11 supportirtg and auxi1iary 
faciliti~s necessary for plant operation. It ~ay inc~!Jc!e 
roads a'1d railroads withi'1 the p1 ant; distribution sys":.e!Yls 
Tor electricity, water, compressed air, and fuel: o&&ices 
laboratories; site prep:iratio,,, storage &or raw ma":er-ie.is 
and products: ma i rttenance sho:::is, etc. Usua 11 y .; t -:!0es ""Ct 
include roads or railroads leading to the plant. ~ere e.9a.;n, 
there maybe considerab,e va,..iation in wh~t ;s .;nclude~ 

depending 0'1 !he plant site. A"green &ielr:" or "~"'?.S'3 '"0'.:+s" 
1o~ati0n is ore whereas, ao'\ addition t0 ?" ev.;st;~~ 
:::i,..0:juctior &aci 1 i~ies. "Site ;:ireparat:".',.., .. ,..e-:::.;.;,..e,,..erts ,,.,..'? 
1.;~,ely to vary w-1dely dl?:"encir-; r"'i'1 loce.tic,,. =0,.. ''1st~"""."'?. ? 
,.,,::1,..sl-\y 1ocatio,, "1~.y '"'?Cuire 1andfi11 and :Jiling, w~er~?.S. :I 

'l'l('l'lri+ainOUS loc?ti011 may recui""'!' e'll'.tensi•1e earth and ,...".",...I' 
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moving to create a reasonably level plant site . 

A ·project cost" estimate includes the •turnkey" ~lant plus 
additional expenses such as a feasibility study; training of 
operating, maintenance, and supervisory personnel, startup 
expense, interest on money spent during construction, and 
working capital. In developing countries the project cost 
may include training of marketing personnel and many items 
of infrastructure such as roads, railroads, harbors, piers, 
and waterways; housing, recreation, cultural, and religious 
facilities for employees, guest house, commissary, etc. 
There is some question as to whether a 11 of these 
improvements in infrastructure should be charged to the 
plant op~ration since the generally contribute to the 
development of the country and the welfare of its peop1e. 
Housing, for example, usually is at least partially self­
supporting from rental to employees. Transportation 
infrastructure often is utilized for many purposes not 
directly ~onnected with ~ertilizer production . 

In the prese~t d;scussion, irivestment costs w;11 be based o~ 
the battery limits cost for an industrial ~ocation in a 
developed courtry. To arrive at the total cost, 50% o~ the 
battery- 1 imits cost will be added except wr.en otherwise 
stated . 

In the last 15 years process designs have been developed and 
gradua,1y i~proved fer ammonia oroduction by steam reforming 
of natura 1 gas, naohtha. arid other light h· 1 drocarboris in 
plants ~sing centri~ugal co~oressors. Standard designs have 
evolved ~0r three caoacities--550,900-1040. and 1360 mt/day 
'SCH). 1 000-1150 a"'c 1500 short tonstcay) . 

The gre~t majo,.~ty of new p1ants built i~ tl-\e last decade 
have been designed for one of these three capacities everi 
though tlie capability exists for design of plants using a 
centrifugal compressor over a range of 270 to 2,700 tpd. The 
majority of new p1ants built or ordered in the last decade 
have been in the 900-1040 tpd capacity range. Since 
development costs have been spread over a larger number of 
plants, the investment cost is lower per annual ton of 
capacity, arid this capacity range is generally regarded as 
the economic opt;mum sca1e in most cases. A capacity o~ 550 
tpd •Jsua11y is regarded as the economic minimum sca1e for 
p1ants usi.,g centrifugal compressors, ard p1arits of this 
size are selected when the mar":et is limited or when tl-ie 
amount of ava~1a~1e feedstock is limited. The i ,360 tod size 
is sometimes uRed in locations-where site deve1ooment cost$ 
are high, ~h~ total project cost may be 1cwer per a~nua, t~n 

r:~ -:a;Jai:ity. Ho.,.1e'1e .. , in s::)!Tle ca5es wl--\ere site de\'elo::>f!'lent 
cos:s a,.e "1 ~ g"". ; ! riay be ore~e .. ab~ e to , ocate t1-1c :Jr more 
sm3 1 1er ~12~ts ~t the same site as ~as been done iri 
!r.:0ries i a 3"'d ~~,:t~ vorea, for ex arrp 1 e . 

53 
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Relatively few plants have been bui1t to produce ammonia by 
partia·1 oxidation of heavy oil or coal, thus, process and 
equipment design has not been standardized to the same 
extent as for steam reforming processes. Therefore, there 
is no reason to Sl ppose that 1 , 000 tpd is an economic 
optimum for these processes. In fact, there is some reason 
to believe that the economic optimum scale may be higher for 
oil-and coal based processes. For example, Supp implies that 
1 ,600 tpd may be near optimum for ammonia production by 
partial oxidation of heavy fuel oil when the mar~et is not a 
limiting factor (18) . 

For the purpose of further discussion, an investment cost of 
$110 million will be assumed for 1,000 tpd battery-limits 
natural gas based ammonia plant located in an industrial 
site such as the U.S. Gulf Coast, and a total turnkey plant 
cost of $165 million will be assumed for the base case. This 
is line with recent estimates obtained from a renowned 
engineering /construction company the total plant cost 
includes 1 and, product storage, site preparation and 
auxiliary and support facilities(31) . 

The usual assumption that tota 1 p 1 ant cost is 1 . 5 ti mes 
battery-limits cost does not seem appropriate in the case of 
p 1 ants 1 arge r or sma 11 er than 900-1 , 040 tpd because of the 
unusual relationship between battery-limits plant costs and 
capacity. For the purposes of the present estimate, ~he 50~ 
allowance for additional plant costs will be applied only to 
the base case {1,000 tpd) fer other p1ant si!es ~he 
additional plant costs wi11 be assumed to vary as the IJ.6 
power cf the capacity. This assumption leads t~ t~e 
#o11owi1g total p~a~~ costs; 

ESTIMATED TOTAL PLANT COSI_S 

Ba~te r{'$1 ~tue) CI:ot~1($nl!l~19led 

Working capital will not be included, 
wi 11 be made in the operating 
"administrative and miscellaneous" 
interest on wor~ing capital . 

but an allowance of 5% 
cost estimate for 

cost which includes 

The factor for naphtha-~ased plants presumably ca~ be 
applied with some degree of confidence to standardized ~1ant 
si!es (550 and 1 ,360 tcd) that are lower a~d higher !han the 
base case . 

!t shcu 1 c be e-nclias i zed that the i nvestl"'\ent est~ 'Tla":.es ar~ 
1"1·:l":. t".)t!ll ;Jrc.ject ('.Cs":.s. S0"1e ~terrs t"'at t"'e es":.i..,a~ec; do 
net ;.,c1ude a,...'=?: 

? 

Esca,atic" ~f c~sts beyo.,d 1~92. 

!nterest ~n ~~~ital du..-i.,g co~structic~. 
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3. Feasibility studies. 
4. Training programs and other startup expenses . 
5. Contingencies. 
6. !leeUr~o poairogeheaa~i~aele•~ipt in the case of plants 
7. Emergency electric-generating facilities to serve as 

backup for regular power supplies. 
8. Import taxes or custom duties . 
9. Any unusual expense to ensure water supplies such as 

dams, reservoirs, long pipelines, or desalination of 
backup for regular power supplies . 

8. Import taxes or custom duties. 
9. Any unusual expense to ensure water supplies such as 

dams, reservoirs, long pipelines, or desalination of 
seawater . 

10. Infrastructure such as housing, roads, or railroads 
outside the plant, harbor improvement; piers,jetties, 
airport facilities, etc . 

11. Unusual site preparation expenses . 

Prodyctjon cost and Gate Sale prjce Estimates 

The following simplifying assumptions are made to arrive at 
conparative estimates for production costs and gate sale 
pr_i ces . 

1. Labor costs--$23.98/man-hour for operating 1abor only . 

frin9eveeheimis1oasc. of labor, includes administration, 

3. Chemical control --20% of labor, includes laboratory 
personnel and su~p1ies . 

4 . ~isce1 1 areous supplies--$1.50/ton. 

5 . E 1 ec~ricity--$0.036/kWh. 

6. Cooling water --$0.0164/m3 on a once-through basis 
(actual requirement may be about 5% of once through 
requi reme;1t when reci rcul at ion through cooling towers is 
used . 

7 . Boiler feedwater --$0.60/m3. 

8. Depreciation --6.67% of p1ant cost (15-year straight 
1 i ne) . 

9. ~aintena~ce--3% of plant cost, inc1uding 1ab0... a~c 
'l"ateria1s . 

10. TaYeS ard insurance--2% of plant cost per year . 

11. !nterest--4'\; of p1art cost per ;ea ... 1•1ric"' "'ay !:le ·:~ev1e= 
as ~% interest on o~e-na1f of p13rt cos~ . 

12. Return on i"vest~ent (~O!l--~O~ o~ plant cost/~ea ... w~t~ 

.-r 
'' 
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no provision for income taxes . 

13. Administrative and miscellaneous costs--5% of the total 
of other production costs, which include allowance for 
interest on working capital, startup expense etc . 

ThE base case for 1,000 tpd ammonia plants will assume the 
following conditions; 

Fuel and Feedstock Heati?~}Value Cost, $/Unit 
(LHV) (Base Case} 

Natural gas 10471 kca1/m3 0.078/m3 

Naphtha 10,290 kcal/kg 185/t 

~ue1 oil 9,722 kcal/kg 86/t 

~oai 6, 100 !<cal/kg 38 /t 

(a). Low '1eating value (LHV) 

~uei and Feedstock ~equirements per Ton of NH 3 
e~a~t~ty--M~~~~eR-kea~---eest;$----

"laturai gas 
l\!aphtha 
~uel oi 1 
Coal 

1,421 rr.3 
7.45 t 
9.56 t 
0.66 t 

7.37 
S3.56 
9.2 
9. 2. 

a. Fro~ refererce r1~)--------------- SOL 

54.90 
133.09 
75.72 
57.31 

For the base case, a 1,000 tpd o1ant 0peratirg at about-90% 
capacity (300,000 tpy) using natural gas at $ 0.078/m3, the 
estimated production cost is about $162/ton of NH 3 and the 
gate sale price is $217.8 (see table 6) . 

For comparison the world market price is t $100-105/ton of 
N!-1 3 (Fertilizer Market Bulletin (FMB) •·larch 1992). This is 
"1ucti i,; g!"ler than t'1e estimated production cost but 
considerably lower than the estimated gate sale price. Some 
~actors that might lead to a price lower than that estimated 
in table 5 C\,'"e (1) the average feedstock orice may be less 
tr.a~ $0.53/m~ (2) the return on investment may be less than 
..C'~ and (3) majority of plants were built at a time wheri 
~lant coristruction costs were lower than at oresent and are 
~ar:ia11y deoreciated. thus :he.capital irvestment is i~wer . 
r: w~11 be noted t~at capital related costs are about 39~ 0~ 
tn~ oroduction c0st and 49~ o~ t~e 9ate sa1e orice . 

'~'"~0rtu'1ately, 1ow cost riatura1 gas is ava.ilable on1:J ;.., 
remo~e 10cations wnere ~onstruction costs are ~igh. A grass­
rco•s rlant i'1 an iridustria1 locat~ori of a developed cou~try 
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is estimated to cost $165 million (base case), whereas, the 
same plant in a developing country is likely to cost 25%-50~ 
more. Perhaps more importantly, it is usu a 11 y necessary to 
provide more auxiliary and supporting facilities, s;nce 
services and supplies that are readily available in 
developed countries may be unavailable. Also, infrastructure 
improvements are likely to be needed, it may be debatable 
how much of the infrastructure improvements shou1d be 
charged to the plant. However, the fact remains tf'lat the 
plar.t could not function efficiently without t~~m . 

TABLE 6 ESTIMATED PRODUCTION COST ANO GATE SALE PR!~E OF 
AMMONIA FROM NATURAL GAS . 

FEEDSTOCK: NATURAL GAS 
CAPACITY: 1000 tpd, CAPACITY UTUJZATION: 90% 
ANNUAL PRODUCTION: 300,000 tons 

LOCATION: U.S. GULF COAST 
PlANT COST: 165 $ MR..UONS 

Item Quantity Unit price, $ $/ton of NH3 

Natural gas (7.37 Gcal} 704 Nm3 0.079 55.62 
Catalyst and chemicals 2.60 
Miscellanea, supplies 1.50 
Steam export (0.49 Gcal} 0.65mt 7.74 (5.06) 

Electricity 33kWh 0.036 1.19 
Cooling water 1nm3 0.0164 2.90 
Boner feed water 1.43m3 0.6 0.88 

Labor 0.176 man-hour 23.98 4.22 
Overhead 100% Of labor 4.22 
Chemical control 20% of labor 0.84 

Maintenance 3% Of plant cost 16.50 
Taxes and insurance 2% of plant cost 11.00 
Depreciation 6.67% 36.68 
Interest 4% 22.00 

Subtotal 155.07 
Adm. and misc. expense 5% of subtotal 7.75 

Production cost 162.82 
AOl.10% 55.00 

Gate sale price 217.82 

Note: effective heating cor.~umption 7.37 - 0.49 = 6.88 Gcal/ton of NH3 
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Whatever the reasons, it is not uncommon for the tota 1 
project cost in a developing country to be twice as much as 
in an industrialized developed country . 

The previous comparisons have been based on a capacity 
utilization of about 90X (annual production 300 times daily 
rated capacity). Some plants have achieved several-year 
records of 100X capacity utilization, which is generally 
assumed to be 330 times daily capacity, or even higher, but 
many plants do not attain 90% annual capacity uti1ization 
for a variety of reasons such as interruptions in feedstock 
supply, lack of market demand, or technical difficulties. In 
particular, many ammonia plants in developing countries have 
operated well below 90% of rated capacity even when 
fertilizer was in short supply. There are some outstar.dir.g 
exceptions, and the average for developiPg countries is 
improving . 

Since ammonia production is highly capital intensive, the 
percentage of capacity utilization has an important effect 
on production cost and profitability.Ope~ating 3t 100~ 
r-ather than 90% of capacity would decrease the production 
cost and the gate sale price.However, operating at 75~ 
rather than 90% capacity would increase the prcductior. cost 
and the gate sale price For higher cost plants, the effect 
is larger. Thus, the advantage of locating a pl3nt where 
low-cost feedstock is available can ~e lost by a ccmbin&tio~ 
of higher capital cost and lower capacity uti1izatior. . 

~ven though minimizing the capi":ai cost is ~rnpcr-tarit, it 
s~ould not be done at the ex~er.se of re1ia~ility. Ir genera, 
~Yi:.ra 'TICney spent ~,, ~rr~rovi.,g p1?.1'1-t: ren.3biHty \•:;i1 ~'? 

re;:iaid in improved capacity ut.;ii~ation. 1ower prcdt..:c4:io~ 
cost, and greater profitability. In locations where 
feedstock costs are low, some saving in capital costs can be 
made by less elaborate heat and energy r-ecovery f~c~1iti~s. 
The extra equipment that is required to improve e~z;ciency 
is important when feedstock costs improve efficiency is 
important when feedstock costs 3re ~igh but ~uch 1ess 
important where low-cost natural gas is avai 1 able. :n 
addition, the extra eouip!'Yler.t te!"ds to -::::ol"'piicate ;'.) 1 ant 
operation and increase ma i ,.,ten a nee cost. Some otl-·e,.. l'!"e::t!"ls 
~or reducing capital costs a ... e (1) choose a sta"'1arc ces;gr. . 
(2) select reliable and -:apab1e contractcrs. ar-d f?' 
minimize construction ti~e . 

The choi-::::e of feedstock affects the pro~ucti~n cost •~ t'"'3t 
i~ affects plar'\t cost, as prev;ouc;'v disC!..!SS~c. ~:.1 
i'1f1uenci"'g raw '.Tlaterial c-:-sts a""C ".:'tt"er ':'r-erat""'~ ".'"''3°'.S. 

Tke c'"'o ice of feedstock may a, so a~ze~t =" ';p·t ..-e · "?.':' • • • ~;:, 
~1though there are no pr-ec;se d~ta ~., t~~s c~;"t. ~~?1-~3se~ 
;J, al"t s have a poor reco ... d fc.. ,..e,; ab., it;' a, tr-:-·_1£'"1 
production rates uo to 90% o~ -::::aoacity heve been re;:io,..ted . 
If production of arnmol"lia from coai beco,.,,es po;')u1a..-, it •s 
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1 ikely that 
standardized 
expected . 

eQuipment design will 
so that more dependable 

be improved and 
operation can be 

Estimated production costs and gate sale prices for a 1,000 
tpd arnrnon i a p 1 ant 1 ocated in a deve 1 oped country using 
naphtha, fuel oil, and coal are shown in Table 7, 8 and 9 

TABLE 7 ESTIMATED PRODUCTION COST AND GATE SALE PRICE OF 
AMMONIA FROM NAPHTHA 

Item 

Naphtha 
Catalyst and chemicals 
Miscellanea. supples 

Electricity 
Cooling water 
Boaer feed water 

Labor 
Overhead 
Chemical control 

Maintenance 
Taxes and insurance 
Depreciation 
Interest 

Subtotal 

FEEDSTOCK: NAPHTHA 
CAPACITY: 1000 tpd, CAPACITY UTILIZATION: 90% 
ANNUAL PRODUCTION: 300,000 tons 

lOCATiON: U.S. GULF COAST 
PLANT COST: 188 S MILLIONS 

O\.lantity Unit price, s $/ton of NH3 
I 

(7.45 Gcal) 0.724 mt 185 133.94 
3.47 
1.50 

Self sufficient 0.036 0.00 
203m3 0.0164 3.33 
1.18m3 0.6 0.71 

0.196 man-hour 23.98 4.70 
100"..b of labor 4.70 
20% of labor 0.94 

3% of plant cost 18.80 
2% of plant cost 12.53 

6.67% 41.80 
4% 25.C7 

251.49 
Adm. and misc. expense 5% of subtotal 12.57 

Production cost 264.06 
ROI, 10% 62.67 

Gate sale price 326.73 

59 



• • • • 
• • • 
• • • • • 
• • 
• 
• • 
• • 
• 
• 
• • • • • • • 
• • • 
• 
• 
• 
• • • • • 
• 

TABLE 8 ESTIMATED PRODUCTION COST ANO GATE SALE PRICE OF 
AMMONIA FROM HEAVY OIL • 

FEEDSTOCK: FUEL OIL 
CAPACllY: 1000tpd, CAPACITY UTIUZATION: 90% 
ANNUAL PRODUCTION: 300,000 tons 

LOCATION: U.S. GULF COAST 
PlANT COST: 264 $ MWONS 

60 

Item Ouantity Unit price, s $/ton Of NH3 

Fuel ol (8.56 Gcal) 0.88 mt 88 75.68 
catalyst and chemicals 0.90 
MiScelanea, supplies 1.50 

Electricity Self sufficient 0.036 o.oo 
Cooling water 270m3 0.0164 4.43 
Boiler feed water 1.45m3 0.6 0.87 

Labor 0.264 man-hour 23.98 6.33 
Overhead 100% Of labor 6.33 
Chemical control 20% of labor 1.27 

MUltenance 3% of plant cost 26.40 
Taxes and Insurance 2% of plant cost 17.60 
Depreciation 6.67% 58.70 
Interest 4% 35.20 

Subtotal 235.21 
Adm. and misc. expense 5% of subtotal 11.76 

Production cost 246.97 
ROI, 10% 88.00 

Gate sale price 334.97 
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TABLE 9 ESTIMATED PRODUCTION COST ANO GATE SALE PRICE OF 
AMMONIA FROM COAL 

Item 

Coal 
Catalyst and chemlcals 
Miscellanea, supplies 

Electricity 
Cooling watet 
Boiler feed water 

Labor 
Overhead 
Chemical control 

Maintenance 
Taxes and Insurance 
Depreciation 
Interest 

Subtotal 

FEEDSTOCK: COAL 
CAPACITY: 1000 tpd, CAPACITY UTILIZATION: 90% 
ANNUAL PRODUCTION: 300,000 tons 

LOCATION: U.S. GULF COAST 
PLANT COST: 330 $ MILUONS 

Quantity Unitpnc!, s 

38 

SJton of NH3 

(9.2 GcaQ 1.508 mt 

372kWh 
247m3 
0.06m3 

0.508 man-hrnK 
100% of labor 
20% of labor 

3% or plant cost 
2% of olant cost 

6.67% 
4% 

0.036 
0.0184 

0.6 

23.98 

57.30 
0.90 
1.50 

13.39 
4.0!5 
0.04 

12.18 
12.18 

2.44 

33.00 
22.00 
73.37 
44.00 

Adm. and misc. expense 5% of subtotal 
276.35 

13.91 

Production cost 
AOl, 10% 

Gate sale price 

290.2& 
110.00 

400.26 

!tis prob~'J~y ..,~~ reaHsti: to assume ~~at a coa'-based 
arr.moni a p 1 ?.~t can ~e operated at t"'e same i::-ercenta~e o-f 
rated capac~~y e.s a '1at:..:ra1 gas or '13phtha based p1a'1t, anc 
tli • s fac~o,.. si-,ou 1 d be takeri i rito acco~rit. 1·01.1ever, the .. e is 
not e.., o •; ci n e v :J e r ; er. : e w ; ":. h c 0 a 1 b a s e -j o 1 a"' ~ s t ~ es t ab 1 ; s 1-\ 
·,1hat ave-;.ag~ capai:i4:y utiliz3tion :a" !:>e e·~ectec. :::" ·~ 
were assu~e~ that ~~e coai-~ased p'~nt wouic ~oera~e !: a~ 
average capa~ity utiliz.3tion of 1('~ iess ":'"'a" a "]aS ~?.Se~ 
(90- versus ~03, ~or evarT1::>1e), <:he ;:i.-0du~~i001 cost ~"'C <:he 
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gate sale pricedifferential would be increase . 

It seems unlikely that coal-based ammonia plants using 
present technology can produce ammonia at or near the world 
market price. In the past, coal-based plants have been built 
in situations where coal was the only indigenous feedstock 
and where the advantages of domestic production (security, 
foreign exchange savings etc.) outweighed the higher cost . 
In the future, some developed countries may undertake 
ammonia production from coal as their natural gas supplies 
become exhausted, particularly if irriproved technology 
becomes available . 

In developing countries as a group, natural gas reserves are 
equivalent to 1360 yrs' use at current production rates (6). 
While the production rate is increasing, more reserves are 
being discovered. Moreover, gas and oil reserves seem to be 
more wideiy distributed than coal; 70 countries including 45 
developing countries reported reserves of natural gas or 
petroleum or ~oth, w~i1e only 19 countries including 5 
developing co~~tries re~orted coal reserves. !t appears, 
t!"ierefore that l'!at:..:ra 1 gas is , i !.te 1 y to be tlie domi rar.': 
feedstock on a worldwide basis for the remainder of the 20t~ 
century, probably well i'1to the 21st century, and possibly 
throughout t~e 21st century deoer.1ing on the rate o~ 
discovery . 

Economics of Small-Scale Ammonia Plants 

:valuation of tne eco~o~ics of sma11 ammonia o1ants (~00-300 
t;Jd} ~s dif~icu,t ~e'.'.:ause re1ati•ie1y few cf ti..em have t:een 
built ~n ~ecent years a'1d be~ause their adva~t2ges deoe~d c1 
speci~ic :o~d{t~~~s t~et are na~~ t0 :e.,e~a11ze. ~~~e 

situatio~s in wh•ch a small plant ca~ be co~sidered are: 

1. When ~here is a 1oca1 mar~et that wou1d be difficult or 
expensive to supply ~rem larger, distant paints . 

2. When t~e location is such that it would be difficult to 
trarisport large ~eavy eouipment to the plant site or to 
erect it . 

3. ~her :~ere ~s 3 limited supply of feedstock at a 
~avorab1e ccst, such ~s a sma11 pocket of natural gas or a 
s~a11 s~pply of byproduct hydrogen . 

"'.ssu~i,..,g that :he -:apital cost of a 200-tpd plant is so~ 
grea:er per tor of capacity t~a~ that of a 1.000 tpd p1a,..,t, 
:~e capital re1~t~d productior costs would be about $27/ton 
'2rea-=.er, us~"'1g "=.1-\e stardard l'Yletncd 'Jf ca1cu1:t4:ion used ;., 
t~·s c~a~~er. r~·s ~~st di&&ere~tia~ cou·d readi 1 y be of&set 
by 1 ower-'.'.:~s~ f~e~s-=.ock, ~ore reliable supply of &eeds~~~~ . 
an~ sav'ngs :., i~~ort or distribution cost . 
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There have been numerous proposals for small ammonia or 
ammonia-urea plants in developing countries, especially for 
remote countries of remote regions of larger countries. For 
example, Snamprogetti has proposed 150-tpd integrated urea­
ammonia plants (see chapter IX) and estimated that 10 such 
p 1 ants wou 1 d cost about 46" more than one 1 • 500-tpd p 1 ant 
(35). However, it was estimated that the delivered cost of 
tha urea at the farm level would be substantially less . 

A proposal for nu~erous small plants rather than one large 
one would involve the auestion of feedstock supply. There 
are not many countries where ~eedstock is available at a 
large number of locations. However, the feedstock p,..oblem 
could be solved if processes for production successfully on 
a scale sufficiently large for a small ammonia plant . 

Small ammonia {and urea) plants are available in a 
standardized design consisting of skid-mounted preassembled 
units that can be set up and co!1nected with relatively 
little on site construction labor (36). Thus, tlie 
construction time ca~ be cu~te s~c ... t. As a result, there is 
less interest on capita1 duririg cons4:ruct;on. In addition, 
s'1ortening ti,e period fro!'" i"ceotion to completion would 
.,e1p to rnfriimize -t:.he uncertafr1ties ttiat a!""e i11herent i!1 
long-range o1anning . 

~aintenance costs Tor small ~1ar.ts could be mi.,imized by use 
of a standardized design with interchangeable spare parts so 
that spare parts could be qui cl-: 1 y ob ta i ried f rol"'! a centra 1 

location . 
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