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Ammonia
Feedstocks

Most of the ammonia in North America will
come from natural gas, with $1 per million
B.t.u. being the breakaway point where heavy
oil and coal would be considered.

L. J. Buividas, J. A. Finneran, O. J. Quartulli; M. W. Kellogg Co., Houston, Tex.

The importance of fertilizer is well recognized, and
today this importance is perhaps more sharply
spotlighted than ever before. The current world
fertilizer situation is characterized by constraints
on the supply side, and in some instances the agri-
cultural demand for nitrogen is not being met.
There are many causes for this supply problem,
among which is the constraint imposed by the
worldwide energy imbalance.

The various industrial organizations, coopera-
tives, and government agencies involved in nitro-
gen production are, of course, taking steps to al-
leviate the supply shortage, but this task has
been made all the more difficult by our energy
problems.

This article summarizes some of the technical
and economic aspects of ammonia production in
light of the recent sharp changes in the availabil-
ity and price of feedstocks. Naturally, the eco-
nomic aspect is the most difficult one to come to
grips with in a period in which the costs of every-
thing are changing. However, we have developed
some guidelines and principles we believe will be
of general interest and application.

A recent paper (1) suggested the concept of giant
plants located in areas at which natural gas is
available in abundance, and subsequent transport
of relatively low cost nitrogen product over long
distances to the ultimate user. This approach has
merit, but is complicated by the various factors in-
volved in international commerce. Because of the
risk associated with such international transac-
tions, producers are showing considerable interest
in alternate feedstocks, such as heavy fuel oil, or
coal. The partial oxidation process can be applied
to units with the flexibility to handle a wide range
of liquid hydrocarbon feedstock, and there is merit
in paying the premium for this flexibility in terms
of the benefit of greater feedstock security. In some
areas, notably in South Africa and India, new coal

based ammonia plants have been announced.

A look at the various processes

Before discussing some of the economic and op-
erating factors associated with the use of alternate
feedstocks, it is advisable to review the various
major processes available for ammonia manufac-
ture. The bulk of worldwide ammonia production
is obtained via steam hydrocarbon reforming. It is
roughly estimated that ammonia from steam re-
forming operations totals 75%-80% of world pro-
duction, and approximately 60-65% of this utilizes
natural gas feed. It is expected that these per-
centages will more or less be maintained in the
near future, but the prospects are that over the
long range, utilization of coal and heavy oil feeds
may increase significantly. In fact, many low ca-
pacity plants based on coal feeds (2) have been in
operation for many years, and the background of
experience with this type of plant is reasonably

-extensive. Also, announcements have recently been

made that several large plants of the order of 1,000
short tons/day are in various stages of design and
construction (3) based on coal feeds. Plants em-
bodying use of the fuel oil partial oxidation process.
have been in operation for over 20 years, and the
indications are that more may be built in the near
future, particularly those having capacities of
1,000 short tons/day and greater.

Based on raw material availability, the choice
of a process design is between catalytic steam re-
forming of light hydrocarbons and partial oxida-
tion of heavy hydrocarbons. In certain exceptional
cases where a source of hydrogen rich gas is avail-
able, the design involves cryogenic processing or
some alternate process for purifying hydrogen.
These designs, of course, must be provided with a
source of nitrogen which is available as a waste
stream from an air separation plant.
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Catalytic steam reforming

Figure 1 shows a typical schematic flow se-
quence for a plant based on steam reforming of
light hydrocarbon feeds. While the process se-
quence is essentially the same for raw gas genera-
tion, purification, and synthesis, there are varia-
tions with respect to feed pretreatment which
largely depends on the type and quantity of con-
taminants in the feed. Briefly, the process consists
of desulfurization, primary and secondary reform-
ing for raw gas generation during which preheated
air is introduced into the system, high and low
temperature CO shift conversion, CO, removal,
methanation for converting residual carbon oxides
to methane which is purged in the synthesis loop,

and finally conversion to ammonia. As a rule, syn- _

thesis is carried out at pressures ranging from 150

to 300 atm., depending on capacity and individual -

preferences. Whether low or high pressure is se-
lected, all compression services for the large plant
are based on use of centrifugal machinery using
steam turbine drives in an efficient energy cycle
embodying high pressure steam generation.

A large number of plants based on steam re-
forming have been constructed over the past two
decades. Considering only the past nine year pe-
riod, it is estimated that approximately 150 large
plants (600 short tons/day and greater) are in
operation or in various phases of design and con-
struction. Most of these are based on high pressure
reforming usually in the range of 450-500 lb./sq.
in. gauge and synthesis pressures of 150 to 240
atm. Several large units having plant capacities of
- 1,500 short tons/day have been based on synthesis
at 330 atm. It is estimated that by 1980 there will

be about 170 large plants in operation on a world-
wide basis.

Partial oxidation of heavy hydrocarbons

Production of ammonia by the steam reforming
route is straight-forward and requires a lesser
number of equipment items. Reforming however,
requires use of catalysts for the raw gas generation
step. With the partial oxidation processes, genera-
tion of raw synthesis gas is carried out non-catalyt-
ically at relatively high temperature and pressure
in conjunction with use of high purity oxygen in
the combustion step. Moreover, additional equip-
ment is required for treating raw gas, particularly
for removing unreacted carbon which is ultimately
recycled to the gas generation facility. Two major
processes are available: one from Shell Develop-
aent Co., and the other from Texaco Development
Corp. Operating conditions for the gas generation
step vary from 2,200-2,500°F. and 450-1,200 1b./
sq. in. gauge. It should be mentioned that even
higher pressures can be specified although uncer-
tainty exists as to whether these can be economi-
cally justified. As already stated, the partial oxi-
dation process can be used for both gaseous and
liquid feedstocks. In fact, pilot study is under way
on use of coal as a possible feedstock with these
processes.

For locations where an abundant cheap source
of natural gas or light liquid hydrocarbon exists,
the economics show that the route of partial oxi-
dation cannot be justified. For situations where
light feeds are expensive or unavailable, the obvi-
ous process route is the partial oxidation one.
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Several raw gas treating techniques can be em-
ployed with the partial oxidation process and each
depends on a number of factors including gas gen-
eration pressure, the energy balance, and whether
cryogenic or chemical treatment is used for the gas
purification step. All require an air separation
unit, the design of which is related to the tech-
nique selected for raw gas treatment and the par-
tial oxidation pressure. A brief description will be
given for three alternate schemes which, for the
most part, can be adapted to both the Shell and
Texaco processes.

1. Maximum cryogenic treatment

Alternate 1, Figure 2, involves maximum cryo-
genic treatment of high pressure partial oxidation
effluent gas which incidentally consists largely of
H, and CO in almost equal parts, as well as small
amounts of CO,, CH,, N,, COS, and H,S. Note
that following gas generation, the gases are shifted
for converting CO and small amounts of COS to
CO, producing corresponding amounts of H, and
H,S. The shift catalyst specified for this service is
cobalt-molybdenum, which must be maintained in
the sulfided state for maximum activity. This is no
problem since heavy oil feeds usually contain large
amounts of sulfur compounds. Steam required for
the shift conversion is obtained by quenching the

hot partial oxidation gases using recycle and make-
up water as the quench medium. Following the
shift step and accompanying heat recovery, the
gases are treated by absorption with a refrigerated
physical solvent. Regeneration of solvent is car-
ried out in two stages, the first of which enables
recovery of H,S as a concentrated stream suitable
for sulfur recovery; and the other involves produc-
tion of pure CO, which may be used as urea syn-
thesis feed. This operation is followed by liquid
nitrogen scrubbing which removes residual CO,

'CH, and argon. Nitrogen required for this opera-

tion as well as that for the ammonia synthesis step
is provided by the air separation unit which also
feeds oxygen directly to the partial oxidation gen-
erator without any compression. Synthesis gas
leaving the nitrogen scrubbing facility is in an ex-
tremely high state of purity thus simplifying
the design of the synthesis loop which inci-
dentally does not require an inert gas purge. The
minute amount of inerts in the synthesis feed gas
are dissolved in the liquid ammonia product. The
Alternate 1 scheme has been specified for partial
oxidation systems operating at 80-85 atm. al-
though it is applicable for operations involving
lower pressures. The basic features of the Alter-
nate 1 flowsheet therefore are: high pressure par-
tial oxidation and associated water quench; elimi-
nation of oxygen compression; and a minimum
number of catalytic services.
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2. Gas generation at lower pressure

Alternate 2, Figure 3, embodies some of the fea-
tures of Alternate 1 except that gas generation is
carried out at lower pressure (usually 60 atm. and
lower) and includes a waste heat boiler for recov-
ering the heat of the effluent. gases in the form of
high pressure steam which is used in a high ef-
ficiency energy cycle. Following waste heat recov-
ery, the gases are treated as follows: 1) gas scrub-
bing for removal of H,S, COS and CO,, 2) CO shift
conversion using conventional catalyst, 3) gas
scrubbing for removal of CO,, 4) nitrogen scrub-
bing, and 5) compression and ammonia synthesis.

The amount of steam used in the CO shift conver- -

sion step varies depending on the level of residual
CO. As a rule, residual CO levels of 3-4% are se-
lected which can easily be handled by nitrogen
scrubbing with no penalty in investment. The
basic differences between Alternates 1 and 2,
therefore, are: variations in gas generation pres-
sure, method of waste heat recovery, the system
specified for CO shift conversion, and the acid
gas scrubbing operations are carried out in two
stages.

3. Using proven catalytic services

The Alternate 3 design, Figure 4, involves use of
a large number of well proven catalytic services for
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treating partial oxidation gases. This scheme can
be specified for a wide range of pressures up to
75-80 atm. Since the flow scheme involves use of
low temperature shift catalyst, the partial oxida-
tion pressure is limited because of water dew point
considerations. This problem can be eliminated if
the technique of double shift and methanation is
selected. The double shift approach reduces the
quantity of steam required for the LT shift step
and hence enables an increase in the partial oxida-
tion pressure. Briefly, Alternate 3 involves the fol-
lowing sequence: 1) recovery of waste heat via
steam generation, 2) removal of H,8 and COS by
solvent scrubbing, 3) high and low temperature
shift conversion in conjunction with either the sin-
gle or double shift technique, 4) CO, removal
either as a single stage or double stage system de-
pending on CO shift selection, 5) methanation, and
6) synthesis. Since this design does not include
nitrogen scrubbing, inerts must be purged from the
synthesis loop and hence hydrocarbon feed rate is
somewhat higher. However, this is not a critical
factor since purge gas serves as a source of fuel.
Moreover, there is no significant horsepower pen-
alty because this process can be used with low
pressure synthesis which has been demonstrated
in many large scale ammonia units.

There are many design approaches that can be



taken with respect to the partial oxidation pro-
cesses and it is obvious that the sequence will be
dictated by individual preferences and project sit-
uation. The question of which design offers the
best overall economics would require a detailed
engineering and estimating study which is not
within the scope of this article.

Worldwide, there are approximately 100 Shell
gasification units in use today in 19 countries for
manufacturing raw hydrogen gas in conjunction
with ammonia, methanol, hydrogen, and other
products. An equal number of units are in opera-
tion embodying the Texaco process. It is estimated
that the partial oxidation processes account for
about 10% of total synthesis gas generation ca-
pacity.

Coal based processes

Several plants based on use of coal are in opera-
tion. One major Kellogg unit which was built in
South Africa (SASOL) utilizes Lurgi gasification
and Kellogg Fischer-Tropsch synthesis. This plant
was designed for a large gas generation capacity
and a relatively high gasification pressure. Cur-
rently several ammonia units embodying coal gasi-
fication are in various stages of design and con-
struction.

Prior to World War 11, practically all ammonia
units were based on use of coal as a source of
synthesis gas. Coal based plants slowly gave way
to hydrocarbon based units, notably natural gas
and liquid hydrocarbons, primarily because of the
lower investment and the favorable price structure
on these feeds. With the current energy supply
problem and the prospects of rising costs for both
natural gas and light hydrocarbons, the use of coal
has re-entered the picture and is again being given
serious consideration. It should be mentioned,
however, that even with a coal based plant the
economics will be highly dependent on the cost
of coal which lately has also increased. Quality
of coal also will be a significant factor in deter-
mining whether such a plant should be con-
structed. Nevertheless, in countries where there
are abundant supplies of cheap coal, an absence of
hydrocarbon feedstocks, and an assured domestic
fertilizer market, coal gasification is a possible
route to pursue.

Solid fuels ranging from coke, anthracite, bitu-
minous, lignite, and peat can be gasified including
caking grades of coal. Whether on-stream effi-
ciency for this type of plant can approach that for
the steam reformer remains to be seen. One critical
economic factor, and probably the most important,
is that to be competitive, a coal based design must
be based on high ammonia capacity, using a high
efficiency energy cycle in conjunction with centrif-
ugal compression.

Lurgi gasification process

The scheme shown in Figure 5 represents the de-
sign described by Lurgi (4) for ammonia manu-
facture. Coal is gasified at about 20-30 atm. using
oxygen and steam in a fixed bed system. Coal is
charged through specially designed automatic lock
hoppers with ash removal handled continuously
through a rotating grate into a semi-automatic ash
lock. Gasification temperature ranges from 1,050-
1,150°F. depending on feed characteristics. Since
the gasification temperature is in the intermedi-
ate range and operating pressure is high, the con-
tent of methane and CO, in the crude gas is con-
siderably greater than that for conventional re-
forming and partial oxidation processes. A typical
gas composition for a Lurgi gasifier would show
levels of approximately 10-11% for methane and
about 28% for CO,. Methane, which is present at
a relatively high concentration, is removed by lig-
uid nitrogen scrubbing in a downstream processing
operation and subsequently reprocessed for addi-
tional production of H, and CO. One of the advan-
tages of the high pressure gasification is that it
reduces the horsepower of the synthesis gas com-
pressor. High pressure, low temperature, gasifier
operation results in production of other compo-
nents in the crude gas such as tars, naphtha, phe-
nols, etc., components which must be removed
from the gas stream and which can possibly be re-
covered as saleable product. One advantage of low
gasification temperature is that it reduces the con-
sumption of high cost oxygen and thus reduces
compression horsepower for the air separation
unit.

Crude gas from the Lurgi gasifiers undergoes
several processing operations including recovery
of waste heat; removal of tars, phenols and other
byproduct components; Rectisol treatment for

-removal of sulfur compounds and CO,; liquid

nitrogen scrubbing to produce a highly purified
synthesis gas; compression and, finally ammonia
synthesis. The liquid nitrogen scrubbing step re-
moves CO and methane which is recycled, after
refrigeration recovery, to a sidestream conven-
tional reforming and shift conversion facility for
generation of additional Hy, and CO which are ulti-
mately returned to the inlet of the Rectisol system.

There are several low capacity coal gasification
units in operation based on the Lurgi process. Sev-
eral high capacity plants are under design in the
U.S. to produce substitute natural gas based on
this process. ‘

Koppers-Totzek process

The K-T coal dust gas process is illustrated sche-
matically in Figure 6. Unlike the Lurgi process,
gasification is based on low pressure and much
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higher temperatures which insures complete con-
version of higher hydrocarbons and thus elimi-
nates additional crude gas conversion. Compres-
sion horsepower, however, is greater for the
synthesis gas service. Depending on the reactivity
of coal, up to 99% of the carbon is gasified using
oxygen in the gasification step. The bulk of the
gasified stream consists of H, and CO. Tempera-
ture of gasification is in the order of 2,750°F. and
thus residual CH, levels of 0.1% and less can be
expected. Koppers report that practically any type
of coal can be gasified, notwithstanding the caking
quality of the coal. Feed to the gasifier consists of
a mixture of coal dust and oxygen and, if neces-
sary, steam can be injected into the process
through special burners. Following gasification and
heat recovery, the crude gas undergoes a series of
operations comprising steam generation, washing,
compression, sulfur removal, additional compres-
sion, shift conversion, acid gas removal, nitrogen
scrubbing, and synthesis.

Several Koppers ammonia plants in the range of
100 to 405 metric tons/day have been built in
about eight countries. It is further reported that
several large units are under construction in India
and South Africa.

Other processes and feeds

Ammonia processes involving other schemes and
feedstocks are also available. Most of these are

variations of the processes described previously.
As an example, light hydrocarbon feeds or refinery

“streams rich in hydrogen can be processed either

catalytically or by cryogenic means to produce
hydrogen, after which nitrogen is injected into the
system in an amount required to satisfy the syn-
thesis feed requirements. These plants are basi-
cally hydrogen units and are based on receiving
low cost nitrogen from a neighboring air separa-
tion facility. Such a design is illustrated in Fig-
ure 7.

Coke oven gas was used as a feed for many am-
monia units prior to World War II, and has been
adopted more recently for several plants, including
one large facility in the U.S. The principal draw-
backs to coke oven gas are that it is available at
low pressure, requires extensive pretreatment, and
above all, the theoretical H, derived from each
cubic foot of feed is relatively low. Compression
horsepower, therefore, is high with this type of
feed. A similar situation exists for any gas stream
containing CO (or H,) at atmospheric pressure.
Use of coke oven gas for large, ammonia plant
operation would obviously require close associa-
tion with a large metallurgical facility, and would
require an abiindant source of nitrogen.

Economic considerations

With the present world situation on petroleum
and the prospects for further increases in the cost
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of feedstocks, it is difficult to make any precise
predictions as to which feed (and fuel) to consider
on a long range basis for ammonia production.
There are a large number of factors playing major
roles in determining which feedstock to use, among
which are the feed price structure, plant size and
location, transportation and shipping costs, con-
tractual considerations, cost of capital, ultimate
use of the product, that is, whether for export or
captive use, and international situations. One
therefore can only speculate as to how a few of
these factors will affect the choice of feedstock
which will briefly be discussed with emphasis on
the unit price of feed.

Economic studies (1) reveal that the potential
savings derived per ton of ammonia with increas-
ing plant capacity begin to diminish as capacities
exceed 2,000 short tons/day. In fact, it is uncertain
whether there is economic incentive in designing
giant plants. The optimum operating costs appear
to fall in the range of 1,000-1,500 short tons/day,
which represents the capacity selected for most
large plants designed over the past nine years. For
economic discussions, therefore, a capacity of
1,000 short tons/day will be selected which can
be considered to be a representative size as far as
the present and near future are concerned.

For a natural gas feed, manufacturing costs

10

have been evaluated on a broad price range which
will be divided into three categories: 1) $0.10/
MM B.t.u., which can be considered for a location
where there is an abundant supply of cheap gas
such as the Middle East and North Africa;
2) $0.50/MM B.t.u.,, which is representative of
many U.S. and European locations; and 3) a price
of $1.00/MM B.t.u., which has been projected for

~many U.S. locations in the next few years. Table 1

was prepared to show the effect of feed price on
ammonia manufacturing costs. Several assump-
tions indicated below were made in these calcula-
tions which incidentally reflect a battery limits
plant including cooling tower and boiler feed wa-
ter treatment. In view of the current situation with
respect to equipment costs, available shop space
and escalation, the investment figures must be
considered very approximate and definitely not
applicable to all locations.

1. A relatively low efficiency energy cycle was
assumed for a plant design based on $0.10
gas, including a medium pressure steam sys-
tem. For this type of plant, fuel economy is
not considered a critical factor and thus ther-
mal efficiency is low.

2. A high efficiency operation was assumed for
the high feed cost area including use of a
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1,500 1b./sq. in. gauge steam system. In addi-
tion, this design includes many process fea-
tures for increasing thermal efficiency includ-
ing combustion air preheat for the reformer,
an “Amine Guard” system for CO, removal,
a hydraulic turbine for power recovery in the
CO, removal system, additional shift catalyst
to reduce residual CO and synthesis loop
purge, an additional stage of refrigeration in
the loop to reduce compressor horsepower,
and efficient steam turbines coupled with
much higher steam superheat temperatures.
While all these provisions permit significant
reductions in utility consumption, the in-
vestment of course increases.

The economic data in Table 1 also includes an
allowance of 17.5% for indirect costs and a 20%
pre-tax return on investment. It will be noted that
the cost of producing a ton of ammonia is roughly
$62 for feed priced at $0.10/MM B.t.u.; $78 for
$0.50 gas; and $93 for $1.00 natural gas. Note
further that for the low feed cost location, feed and
fuel represents about 6% of the total operating
cost as compared to 33% for a design based on
$1.00 gas. Apparent savings of approximately $31/
short ton exist for a unit feed price differential of
$0.90/MM B.t.u. ($1.00-$0.10). If it is assumed
that ammonia produced in a low feed cost location
will serve solely for export purposes, the $31/short
ton cost advantage permits shipment over long dis-
tances, the magnitude of which is dependent on the

shipping cost. If an additional allowance of ap-
proximately 30% of the investment is made for
spare parts and offsite charges, the incremental
operating cost for the low feed cost location would
be about $16/short ton and thus would increase
operating cost to about $78/short ton. This would
then reduce the production cost differential from
$31 to $15/short ton. Assuming that this price dif-
ferential is genuine it would still be possible to
ship low cost ammonia over reasonably long routes
the distance of which is dependent on the cost per
ton-mile and the quantity to be shipped on a regu-
larly scheduled basis.

To ship or not to ship

If the price differential of natural gas feed is
only $0.40/MM B.t.u. (say $0.50-$0.10/MM) be-
tween a high and low cost feed location, and again
assuming the same 30% ‘additional investment al-
lowance for spare parts and offsite charges, the
incentive to ship bulk ammonia obviously no
longer exists. On the other hand, if natural gas
were priced at much higher rates than indicated in
Table 1, such as $1.50-$2.00/ MM B.t.u., interest in
production of ammonia in low feed cost locations
will increase enormously in view of the extremely
favorable production cost advantage. At present,
it is difficult to pinpoint break-even rates on ship-
ping distances in view of the lack of precise data on
the cost of shipping bulk quantities of refrigerated
ammonia over long routes. The gist of this eco-
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nomic analysis is that if an exceedingly high feed
cost differential exists, the probability is that a
sizable proportion of ammonia capacity in the
future could shift to low cost natural gas locations.
It should be mentioned, however, that while these
paper analyses tend to favor ammonia manufac-
ture in a low feed cost area, one cannot lose sight
of the fact that a plant located in a‘low cost area
may be faced with lack of maintenance facilities
and other support facilities which may affect plant
operations thus reducing stream efficiency with
resultant increase in operating cost.

In recent years, considerable study has been
devoted to use of cheap low grade fuels for firing a
steam hydrocarbon reformer and its associated
auxiliary boiler. Firing low grade fuel introduces
many problems such as reformer tube attack due
to presence of vanadium, sodium and ash; use of
special burners which must be serviced frequently;
and corrosion at the cold end of the furnace due to
local condensation of acid (SO,) on tube surfaces.
If it is assumed that low grade fuels can be used,
it is possible to effect slight reductions in the
operating cost. Referring again to Table 1, it will
be noted that if a lower cost fuel is used operating
cost can be reduced by about $5/short ton for the
fuel cost assumption indicated for the $1.00/MM
B.t.u. natural gas feed case. While this approach
effects some economy in operating costs, one would
have to recognize that maintenance costs would be
expected to increase. Moreover, more expensive
materials of construction in the reformer add to
investment, with corresponding increases in indi-
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rect operating costs. The $5/short ton savings
shown in the calculation, therefore, may not be
fully realized.

Naphtha feeds not for the U.S.

A naphtha based plant presently costs about
15% more than a natural gas based ammonia
plant. Assuming 1,000 short ton/day capacity, the
incremental investment would run in the order of
$7 million. Furthermore, naphtha feeds require
more utility in terms of CO, removal, reforming
steam, and feed pretreatment. Also, the unit cost
of feed is usually much greater than natural gas on
a calorific basis. Table 2 presents economic data
on the same basis as that prepared for the natural
gas case. Depending on price structure the operat-
ing cost can vary over a wide range. Note that for a
feed price ranging from $0.50/MM B.t.u. to $2.00/
MM B.tau. ($18.90-$75.60/short ton) the cost of
producing a ton of ammonia ranges from $87 to
$138. If lower grade fuels can be used for firing the
reformer, substantial reductions in operating cost
can be realized bearing in mind that the risk factor
increases with use of lower grade fuels. The poten-
tial cost savings with use of lower grade fuels are
also indicated in Table 2.

The comments made on natural gas with respect
to operating cost and shipping considerations ap-
ply equally as well to naphtha feeds except that the
operating cost differential between a plant based
on naphtha and one based on low cost natural gas
is even greater. Economic justification of a naptha
based plant obviously is highly dependent on feed
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cost as well as several important factors such as
whether the ammonia plant is part of a refinery-
petrochemical complex and also on certain im-
port/export restrictions on naphtha within a given
country. It is highly unlikely that naphtha would
be given serious consideration as a feedstock in
the U.S. Use of naphtha for ammonia production
would appear to be feasible only under special
project situations existing at a given location.
Figure 8 shows relative differences between
natural gas and naphtha processing from the
standpoint of unit feed costs using the data devel-
oped in Tables 1 and 2 as a frame of reference.

Heavy oil feeds

Because of design and process simplicity, a
steam-hydrocarbon reformer based plant costs less
than a partial oxidation unit primarily because it
requires less equipment. A partial oxidation unit
requires an air separation plant, additional desul-
furization, carbon removal and recycle, and other
facilities. Nevertheless, if the cost of fuel oil is
sufficiently low one could justify a design selection
based on partial oxidation. In view of the uncer-
tainty of equipment cost information and the con-
tinual need to escalate investment with current
marketing conditions, it is extremely difficult to

40 60 80 100 120 140
Natural Gas Unit Cost ~ ¢/MM -BTU (LHV} =

pinpoint investment differences between a steam
reformer plant and a partial oxidation unit. Esti-
mates are that the investment difference varies
over a wide range. Banquy (5) reports this to be as
low as approximately 20%, but Mondo (6) states
the difference to be closer to 40%. Some recent
studies reveal that the difference may be 50% and
possibly higher. Obviously, this is an area of great
uncertainty. We believe it to be fruitless to present
specific economic differences between the pro-
cesses in this article largely because of constantly
changing cost structures on various feeds and the
difficulty of obtaining a sound economic relation-
ship between both processes. In view of these con-
siderations, we will evaluate the economics on the
basis of the unit cost of feed for each case and indi-
cate the degree of potential direct operating sav-
ings that can be expected for various price differ-
entials on feed. This can be carried out on the
basis of use of the economic information given in
Tables 1 and 2 and assuming that the comparison
is based on hydrocarbon (natural gas or naphtha)
priced at $1.00/MM B.t.u. which will serve as a
projected future cost. Direct operating data for the
partial oxidation process were taken from Ban-
quy’s (5) article for comparable items. These are
shown in Table 3 for four price structures for
heavy fuel oil which will be the feed for the partial
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oxidation process. The Banquy data have been
converted to a basis comparable with that given in
Tables 1 and 2 with respect to cooling water
make-up and price structure.

Referring to Table 3, note that direct operating
costs with the partial oxidation process range from
$12.54 to $36.19 for fuel oil costs ranging from $10
to $34.50/short ton ($0.29 to 1.00/MM B.t.u.).
Using these data along with those shown in Tables
1 and 2 enables development of the economic com-
parison given in Table 4, which refers only to
direct operating cost items. Table 4 is divided into
two categories: 1) direct operating cost difference
between natural gas and fuel oil, and 2) the same
cost difference between naphtha and fuel oil. If it
is assumed that fuel oil is priced at $10/short ton
($0.29/MM B.t.u.), the data reveal that a savings
of approximately $21 million over a three year pe-
riod can be realized with the partial oxidation
process if the natural gas cost is $1.00/MM B.t.u.
Additional figures on potential direct cost savings
are shown for other fuel oil cost structures. It will
be noted that the economic incentive decreases
sizably as the cost of fuel oil increases.

Similar data are given for naphtha in the Table 4
comparison. Again assuming that fuel oil is priced
at $10/short ton, the data reveal a potential direct
cost savings of about $24 million over a three year
operating period with the partial oxidation process.
Obviously, because of the unusual worldwide
price/demand patterns of various feeds, it is diffi-
cult to explore the economics of producing am-
monia on the basis of light hydrocarbon reforming
and heavy oil partial oxidation. Sufficient data are
given in the various tables, however, to enable the
reader to insert other price structures on each
feed to obtain potential direct cost savings with the
partial oxidation process and thus determine
whether the partial oxidation process is an eco-
nomically viable proposition for a given project
situation. It is worth mentioning that in years past
the price differential between natural gas and
heavy oil (or naphtha and heavy oil) was relatively
low, and thus there did not appear to be sufficient
justification to design on the basis of the partial
oxidation technique. This is borne out by the fact
that total ammonia produced from heavy oil is
estimated to be about 10% of world capacity. How-

Table 1. Economics of ammonia manufacture, 1,000 short ton /day capacity.

Process Sequence: Natural Gas desulfurization, reforming, CO shift conversion,
CO, removal, methanation, compression, synthesis

Investment.........ccviviiiininnen. $47,000000..........0vnnnnn.

Design Features

Steam Pressure, lb./sq. in. gauge. .. 600 ...
CO, Removal System ............. MEA
Combustion Air Preheat........... No ...
Natural Gas Price.........o.vnunn. Low—3$0.10/MM B.tw.............
PowerCost....oovvvvvnnnninnnnn. $0.006/kwh................
Raw Material Unit Rate $/day
Natural GasFeed ...........vvu 850 MM B.twu./hr.... 2,040....
Utilities
Fuel ...t 670 MM B.tu./hr.... 1,608....
Power .....oiiiiiiiiniiiiiian 640KW ... ........ 92....
CW (Make-up)........oovinennnn, 1290 gal./min. ....... 465 ....
BFW (Make-up) . .....covvevennnnn 390 gal./min. ....... 560....
Steam .. vvveiniie e InBalance ........... —
Other
Catalysts & Chemicals ..........o0 conviiiiiiiiiin.. 700....
Labor.....coviiieiiiininnninnnn. 5 Men/Shift.......... 480 ....
Labor/Plant Overhead.............. 100% Llabor......... 480....
indirect Charge &
Returnoninvestment .........cc crvieivirnnvnnennnn. 55,728 ....
Total Cost—Perday......c.coeir tiiiniiiiaiennn.. $62,153
pershortton......... cooiiiiininnnana. $ 6215
Notes:

$50,000,000.......cccvninnininnn., $50,000,000

1,500 ... 1,500
Amine Guard  ......... ...l Amine Guard
Yes e Yes
High—$0.50/MM B.t.u. ............. High-—$1.00/MM B.t.u.
$0.01/KWh. oo, $0.01/Kwh
Unit Rate $/day Unit Rate $/day
850 MM B.t.u./hr....$10,200. ... .. 850 MM B.tu./hr.... 20,400
440 MM Bitu./hr.... 5,280...... 440 MM B.tu/hr. ... 10,560. ..
640KW ............ 155...... 640KW. . .......... 155
1290 gal./min. ....... 465...... 1290 gal./min. ....... 465
390 gal./min. ....... 560...... 390 gal./min. ....... 560
In Balance ........... — InBalance........... —
...................... 700 .. it 700
...................... 700 .. i e 480
...................... 480 ... ... i 480
...................... 59,285 . ... e 59,285
...................... $77,605 ... ... it .. $93,085
...................... $ 77.60...ccniiiiieinninnenn.. $ 93.09
($87.80)(7)

1. Investment covers battery limits unit including cooling tower and boiler feedwater treating. Mo inclusion is made of spare parts.

2. Utilities for high natural gas location ($0.50 and $1.00/MM B.t.u.) relates to ‘high efficiency operation including combustion air preheat, high effi-
ciency pumps and turbines, high steam superheat temperature. Cost of CW circulation unit not included in costs.

3. Utility Cost: Cooling water makeup @ $0.25/1000 gal., BFW make-up @$1.00/1,000 gal. Make-up water relates to net requirements for BFW

and cooling water.
. Catalyst and chemicals—$0.70/short ton.

. Indirect charges include return on investment.

NO A
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. Labor refers to battery limits unit only. Labor—$4/MH. Costs include allowance for supervision and fringe benefits at 100% of labor.

. Figure in bracket is estimated cost per ton if a relatively lower cost fuel ($0.50/MM B.t.u.) is used for firing reformer and auxiliary boiler.
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Table 2. Economics of ammonia manufacture, 1,000 short ton/day capacity.

Process Sequence: naphtha desulfurization, reforming, CO shift conversion, CO, removal, methanation, compression,

synthesis
INVESIMENT .ot et ettt et e eseseeeenanananesessennsnnsssesesssssnnonnsns $57,000,000
Design Features
Steam System Pressure, lb./sq.in.gauge ..........ooiiiiiiiiiiiiie 1,500
Desulfurization ........coiiiiiiiiiiiiiiiiiiiiiiiiii e Hydrodesulfurization—H,S Stripping— Catalytic
Naphtha Cost Structure
S/MMBAU. (LHV) oo 0.50 ......... $ 1.00 ......... $ 2.00
($/5hort 10N) .vinuiiieiiiiiii i (18.90)......... (37.80) ......... (75.60)
Raw Material Unit Rate Cost/day, U.S. Dollars
Naphtha Feed .............. 873 MM/B.t.u./hr. ......... 10,476  ......... 20,952 ......... 41,904
Utilities
Net Fuel.........coceieen... 533 MM/B.tu.jhr. ......... 6,396  ......... 12,792 ......... 25,584
Power ......oovevveviinnennn. QO0OKW ..oviiiiieinannns 216 ......... 216 ...l 216
CW (Make-up).............. 1,130 gal./min. .............. 407  ......... 407 ... 407
BFW (Make-up)............. 465 gal./min. .............. 670  ......... 670 ... 670
Other
Catalysts and Chemicals $0.80/ton..........coovviinenn. 800 ......... 800  ......... 800
Labor, 5 men/shift.......ccooviiiiiiiiiiiiiiiiieieenn.. 480  ......... 480  ......... 480
Labor/Plant Overhead, 100% Labor...........ccce....... 480  ......... 480  ......... 480
Indirect Charges &
Returnoninvestment......cooviniieiriiiiiiriennenrnenns. 67,585 ......... 67,585  ......... 67,585
Total Cost—per day ......cevviiiiiiiieieinniiinneeiennns $87,510 ......... $104,382  ......... $138,126
per shortton................ N 87.51 ......... $ 10438 ......... $ 1383
(6 97.99)(4) ($ 118.93)(4)
Notes:

1. Utility cost structure: Power @ $0.01/KwH, cocling make-up water @ $0.25/1,000 gal., BFW makeup @ $1.00/1,000

gal.
Indirects same basis as Table 1 conditions.
3. Naphtha LHV 18900 B.t.u./lb. (10,500 K-Cal./KG.).

N

4. Figure in bracket is estimated cost per ton if a relatively lower cost fuel ($0.50/MM B.t.u.) is used for firing reformer and

auxiliary boiler.

ever, recent figures show that naphtha cost is in-
creasing at a much greater rate than heavy fuel oil
thus tending to eliminate naphtha as a feedstock
contender, and leaving the competition to natural
gas and heavy oil.

Coal feeds cost 1.75 times gas

As in the case of steam reforming and partial
oxidation, a plant based on use of coal as feedstock
is expected to cost more than one based on partial
oxidation because of additional equipment re-
quirements, particularly with regard to coal han-
dling operations, gasification, and raw gas treat-
ment. Despite these cost differences coal based
plants can be justified if the cost of coal is suffi-
ciently low, that is, relative to light or heavy hydro-
carbons. The approximate investment (7) for a
coal based plant appears to be at least 1.75 times
that for a natural gas plant, and possibly even
more. The investment is at least 1.3 times that for
a fuel oil plant.

Many factors enter the economic picture as far
as selection of a coal based plant is concerned such
as feedstock availability, and whether the price
differential between the two feeds under considera-
tion exists over a long operating period. If the eco-
nomics are considered strictly on feed and fuel
consumption, which is a reasonable criterion for a
preliminary economic investigation, the following
are typical requirements for each of the major
processes considered in this article.

Approx. Feed and Fuel Requirement

MM B.t.u./
Process Ton/Ton ST(LHV)
Natural Gas Reforming ........ T evmesresoes 31
Naphtha Reforming............. 0.9 coeeennnn... 34
Fuel Oil Partial Oxidation ..... 1.0 ...l 35
Coal Gasification*............... 2.0 coriinnnnnn 45

*After credit for value of by-products.
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As discussed, in energy deficient locations the
price of natural gas can range from $0.50 to $1.00/
MM B.t.u. Naphtha has recently been priced from
$1.00 to $2.00/MM B.t.u. ($37.80-$75.60/short
ton). Fuel oil cost varies considerably depending
on location, but has been reported to range from
$11 to as high as $30/ton, although in petroleum
deficient locations prices approaching $40 to $60/
short ton have been quoted. In view of this wide
range of prices, it is extremely difficult to derive
any generalized conclusion on the relative merits
of one feedstock over the other particularly when
the price of coal also shows equal variations, but
at somewhat lower cost levels. Some estimates
show the cost of coal being as low as $5/short ton
in South Africa compared with figures of $15-$20/
short ton in other locations. If the economics are
deliberately considered on the basis of a high price
projection for natural gas (say $1.00/MM B.t.u.)
and the lowest price for coal (say $5/short ton), the
potential savings per ton is of the order $21 for the
coal based plant. Assuming a simple payout period
of three years and 330 operating days per year, the
overall savings would be about $21 million. Based
on the projected investment for a coal based plant
of 1.75 times for the natural gas plant, the eco-
nomics indicate that the utilization of coal for
ammonia production cannot be justified. If, how-

ever, no other feedstocks are available or a longer
payout period is considered, then a coal based plant
has to be given serious attention. This analysis is
shown in Table 5 along with data covering other
unit price structures.

Similar analyses can be carried out with other
feeds using the same approach employed for the
natural gas versus coal comparison. Comparing
coal gasification with naphtha (refer to Table 5)
would follow the same general-line of reasoning.
But if the investment for the naphtha based plant
is about 15% higher than the natural gas plant,
then a payout period of slightly over three years
would tend to favor the coal based facility assum-
ing that naphtha is priced at $1.00/MM B.t.u. and
coal at $5/short ton.

If it is assumed that natural gas and/or naphtha
is available at $2.00/MM B.t.u., a coal based oper-
ation would definitely be economically attractive
even for payout periods of less than three years.

Comparing partial oxidation of fuel oil with coal
gasification differs somewhat from steam reform-
ing. Both fuel oil and coal processing involve the
partial oxidation technique and similar down-
stream gas treating schemes. Furthermore, both
involve use of an air separation plant and sulfur
recovery facilities. Differential investment for the

Table 3. Partial oxidation of fuel oil, feed, vutility, catalysts, and chemicals summary.
Capacity: 1,000 short ton/day

Design Features

Y- IO

PrOCESS ¢\ i ieiiiii it iieiiiareeiiicarer ereenetatearerenonns

Gas Generation Pressure .......coviiveeeieneenriennnsnonanes

Process SeqUEeNCE ......ceviiereiiinniiiiiiiisreriaieaaninas
Fuel Oil Cost Structure

$/short 10N ..ot e

(S/MM BEUY ©eeeenneeeeeeeeeeeee e e e e e eeeeeeeeaaaiaan
Fuel Qil and Utilities

Item Rate/short ton
Fuel Oil.......... eenterueiaceessesetaesanes 0.965 ST...........
POWer it i 30 KWH........
CW (Make-up) ...cooiiiniiiiiiiinnininnnn, 3070 gal..........
BFW (Make-up) ....ccovvvinnniiinnninnnn. 320 gal..........
Other

Catalysts & Chemicals .................. $0.30.....ccinnnnn.

Labor @ $4/MH,.........coooiiiieni... 7 Men/Shift ........

Labor % Plant Overhead, ............... 100% Labor ........

Total Cost—per short ton......ccoeevvercniieciiniieriniaeensn.

Noftes:

1. Utility cost structure as follows:
Power @ $0.01/KWH
Water make-up @ $0.25/1,000 gal. for cooling water
Water make-up @ $1.00/1,000 gal. for BFW

2. LHV of fuel oil 17,300 B.T.U./lb. (9610 K-Cal./Kg.).
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Heavy Fuel Qil

Partial Oxidation

80 Kg./Cm.?

See Figure 2
e 100 L 20 ............ 30 ...... 34.50
cere (0.29)eeennneen.. (0.58)............ (0.87)...... (1.00)

Cost/short ton, Dollars

veee 965 il 19.30 ............ 28.95 ...... 33.30
veee 030 ...l 0.30 ............ 0.30 ...... 0.30
veer 075 L.l 075 .ot 0.75 ...... 0.75
eee. 032 ...l 032 ............ 0.32...... 0.32
veer 030 ..l 0.30 ....oenennnn 0.30 ...... 0.30
veer 061 Ll 0.61 ............ 0.61 ...... 0.61
eee. 061 ...l 0.61 ............ 0.61 ...... 0.61
.... 1254 ............ 2219 coieiinn... 31.84 ...... 36.19
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two designs is not as great as that reported for the
reforming vs. coal gasification comparison, and
thus a more careful economic appraisal would be
required which would have to include such factors
as fuel oil availability over a lengthy period, labor
costs covering coal mining operations, price stabil-
ity, transportation costs for both product and feed,
and plant location.

How the conclusions shape up

Production capacity for synthetic ammonia will
continue to increase throughout the world as a re-
sult of accelerating demand for nitrogen fertilizers
and nitrogen based chemicals. One would expect
that as population growth continues, world needs
for food, and hence for fertilizer, will follow this
trend. While there are many areas where ammonia
shortages exist, on the whole one would have to
state that a good balance has been maintained
thanks to the enormous increase in ammonia pro-
duction over the past 10 years which witnessed a
major breakthrough in ammonia technology. In
1967 world production of nitrogen was approxi-
mately 38 million metric tons (8). Projections for
1977, including plants presently under construc-
tion, indicate that capacity will exceed 77 million
metric tons representing more than a two-fold in-
crease over a 10 year period. This sizable increase
in capacity is being brought about largely by the
construction of plants in the range of 600-1,700
short tons/day, the bulk of which are based on use
of light hydrocarbon feedstock in conjunction with

catalytic steam reforming. Most new construction
centers on plants of 1,000-1,500 short tons/day
capacity, and the indications are that this capacity
range will apply in the near future for all feed-
stocks including heavy fuel oil and coal, primarily
because it represents the bulk of commercial ex-
perience and appears to be an economic size. There
will, of course, be some interest in giant plants
having capacities of 2,000 short tons/day and
greater, but these will be isolated cases and cer-
tainly will be associated with cheap natural gas
feed.

Several conclusions can be drawn with respect
to the use of the various feedstocks considered in
this article.

1. Most, if not all, of the ammonia production in
North America and Europe will be based on
natural gas feed. If the cost of natural gas ap-
proaches $1.00/MM B.t.u., other feedstock
may be given serious consideration, including
heavy oil feed and coal.

. Shipment of ammonia from areas where nat-
ural gas is abundant appears to be highly at-
tractive. Ammonia or ammonia based prod-
ucts can be economically exported from the
Middle East, North Africa, and other low cost
feed locations to high cost areas. Barring in-
ternational complications, shipment of nitro-
gen to the U.S., Europe, and other locations
will play an increasingly important role in
worldwide distribution. Shipment of bulk
ammonia will be dependent on carrier limita-

Table 4. Steam reforming vs. fuel oil partial oxidation.
Capacity: 1,000 short ton/day of ammonia
Comparison with Natural Gas @ $1.00/MM B.t.u.

Simple Payout
Price Costs Savings with  Savings with
Fuel Qil Cost Difference  Total Operating $/ short ton!” Fuel Oil  Partial Oxidation

$/MMB.t.u. ($/shortton) $/MMB.t.u. Natural Gas'? Fuel Oil® $/short ton  over 3 years"®

0.29..ccccviennn 01 0.71.......5.... 33.80.............. 12.54........... 21.26 ....... $21,000,000

0.58............. V10) I 042............. 33.80.............. 22.19........... 11.61 ....... 11,500,000

0.87..ccvcvevennn [0 N 0.13............. 33.80.............. 31.84........... 1.96 ....... 2,000,000

1.00............. (34.50) ............ 0 e 33.80.............. 36.19........... (—2.39)....... —

Comparison with Naphtha @ $1.00/MM B.t.u.
Naphtha?

0.29...c.cu...... 4 1)) 071 iiiininen, 36.80.............. 12.54........... 2426 ....... 24,000,000

0.58............. {0) 042............. 36.80.............. 2219 . cciiinnnns 14.61 ....... 14,500,000

0.87..cccinninn, {110 N 0.13...cvenenene 36.80.............. 31.84........... 496 ....... 5,900,000

1.00..cccnue.e.tn (34.50) ............ 0 vvveennen 36.80.............. 36.19........... 0.61 ....... 600,000

Notes:

1. Includes feed, utility, catalysts, chemicals, and operating labor.
2. Refer to Tables 1, 2, and 3 for details on economic calculations.

3. Savings with partial oxidation process calculated on basis of 330 operating days per year over three year simple
payout period.
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Table 5. Steam reforming vs. coal gasification.
Capacity: 1,000 short ton/day
Comparison with Natural Gas @ $1.00/MM B.t.u.

Simple Payout

Feed & Fuel Savings with
Coal Cost Costs, $/short ton Savings with Coal over
$/ton Natural Gas!" Coal Coal, $/short ton 3 years'?
5 K 3 PR 10 it 21 i $20,790,000
10 e K 3 TP 20 i M. enniaies $10,890,000
15 e ieeiiiaeens K 3 I B0ttt Toiiiiieeniieannas $ 990,000
Comparison with Natural Gas @ $2.00/MM B.t.u.
L P 62, i eeeees 10 it eeeaees 52 i $51,480,000
[ PO 62 i 20 i 42 oo $41,580,000
15 s - S PR k| DR 32 i $31,680,000
Comparison with Naphtha @ $1.00/MM B.t.u.
Naphtha (1)
5 B4, 10, i R 7 SN $23,760,000
L L0 7 20 e | I SN $13,860,000
15 i, 4. 30 Aoiiiiiiiiiiiiiinans $ 3,960,000
Comparison with Naphtha @ $2.00/MM B.t.u.
Naphtha (1) ‘
5 68 . e 10....cceens e ereeie e L} BT $57,420,000
10 i iciniennnns B8 . 20 7.2 SR $47,520,000
15, i 8. 0. 38 . $37,620,000
Notes: ;

1. Refer to Tables 1 and 2 for details.

2. Savings with coal gasification on the basis of 330 operating days per year over a three year simple payout period.

tions and possibly on associated safety haz-
ards. ‘

3. Use of fuel oil and other heavy hydrocarbon
feeds with the partial oxidation process will
increase to a greater degree than previously,
primarily because of the increasingly favor-
able price structure on these feeds. If the
natural gas price in any given location ex-
ceeds the fuel oil price by a significant degree,
fuel oil will be adopted as ammonia plant
feedstock. ;

4. Greater emphasis will be placed on use of
liquid fuels for firing both the reformer and
auxiliary boilers in steam reformer units.

5. Coal based operations can be justified in loca-
tions where the unit cost of coal is low, where
gas does not exist, and where the alternative
is expensive imported oil, as in South Africa
and India. Moreover, use of such feed will be
governed to a great degree by whether an at-
tractive price differential between solid and
hydrocarbon feedstocks can be maintained on
a long term basis. However, the high costs of
mining and transportation charges will of

18

course reduce any potential economic advan-
tage inherent in use of solid feeds.
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