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dioxide; (3) removal of the carbon dioxide and other
impurities from the synthesis gas; and (4) catalytic,
high-temperature, high-pressure reaction of the hydrogen
and nitrogen to yield ammonia.

The last three steps are common to all commercial
amumonia processes exeept when pure hydrogen is available
(say, by clectrolysis of water) in which case only the actual
ammonia synthesis step is required. It is the first step, the
production of process hydrogen, that has the widest
latitude of process variations and requires by far the
greatest portion of the total energy input to the process.
The commercially significant variations used throughout
the world are (in order of world capacities) as follows:

1. Catalytic reforming (reaction) of natural gas with
steam over a supported nickel catalyst at about 750°
to 800°C.

. Catalytic  reforming  of  straight-run  naphthas
(130°-150°C final boiling point) with steam over a
promoted nickel catalyst at about 800°C.

Partial oxidation (oxygen-deficient burning) of crude
or heavy fuel oil with oxygen, or oxygen-enriched air
in the presence of steam at about 1400°C; in
addition to the ois, nearly any liquid or gaseous
hydrocarbon may be used: nitrogen is supplied from
4 liquid air plant,

4, Partial oxidation of coal a modification of process
(3) above, which should more properly be called eoal
gasilication, even as applied to ammonia production;
in modern processes, steam and oxygen (liquid air
plant) are wed to gusity the coal at 1000° to
1700°C, yielding raw gases high in carbon monoxide
(yiclds additional hydrogen after shitt conversion).
hydrogen, aind in some cases methane. Nitrogen is
also supplied from the liquid air plant.

Other sources of Ivdrogen for ammonia - There are a
number ol miscellancous sources ol hydrogen, some that
can be utilized with much less expensive clean-up proee-
dures than those involved in the major processes mentioned

t2

A9

above. These sourees e (1) coke-oven gas, (2) petroleum
refinery gas, and (3) residual gas from the production of
acetylene, cthylene, or chlorine. The coke-oven gas does
require extensive cleanup. These gases are in each case
regarded as hyproducts and the only cost assigned to the
ammonia plant would be that o gas puritication. However,
it is only in isolated cases that the gas production s of
sufficiently Lige volume to render the scale of ammonia
production cconomical. Only 077 of the LS. ammonia
production is from these sources - principally coke-oven and
refinery gases.

Importance ot Fuel/Feedstock to Ammonia Production

Although this report is pumanly concerned with the
cifects ol the shortage of petroleam and its derivatives,
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natural gas, in similar short supply or nonexistent in nearly
all industrial nations, will be treated in the same manner
because of its inseparable connection with the petroleum
industry, both in production and pricing structure.

The production of ammonia from some of the various
feedstocks discussed previously requires the following
equivalent energy inputs as combined fuel and feedstock (1,
13).

Energy consumption

Process Fuel/feedstock Btux 10%/mt NH,
Reforming Natural gas 34.5
Reforming Naphtha 37
Partial oxidation Fuel oil 38
Partial oxidation Coal 45 (minimum)

Range, energy consumption/mt N =42 to55 Btu x 10°

Thus, anmmonia synthesis is a highly energy-intensive
process, not only in terms of the heat energy (fuel)
required, but also because of the inherent economic
requirement that the same fuel be used as the chemical
process feed.

Near-Term Potential for Substitution
of Other Fuels or Feedstocks for Current Ones

Direet substitution of fuel or feedstocks——Nearly all of
the existing world capacity for ammonia production is
based on natural gas. naphitha, and fuel oil, in that order. A
simall but growing capacity based on coal exists. The degree
of flexibility in substituting feedstocks is indicated in the
following tabulation.

.. Designfeedstock
Natural
gas Naphtha Partial oxidation
reforming reforming  Fueloil® — Coal
- "~ Any gaseous Coke
or liquid Charcoal
hydro- Char
S carbon Fuel oil?
a0r crude oil, depending upon overall economics.
DSubstitution not entailing high capital expenditures tor equipment
changes and loss of at least 1 year of income during conversion,

Substitute Natural
feedstocks®  None gas

The ditemma of world ananonia producers is simply that
by fur the greatest percentage of world capacity today is
based on the scarcest teedstocks natural pas and naphthy
wtilizing the least Aexible process designs. Conversion of
existing pas- or naphtha-hased plants 1o even oil-based,
partial-oxidation plants would require an additional capital
investment essentially equal o the onginal cost of the
relorming plant, tskg irto account the cost of removal of
the existing reformng section ot the plant, the ndlationary
trends, and the Toss of mcome tor about a year, Conversion
1o coal would inciease the totad capital investment in the
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plant to about 2.5 times the original, For these reasons,
there appears to be little chance of any significant
near-term conversion of existing facilities to more plemllul
cheaper feedstocks, petroleum-based or otherwise.

On a worldwide basis, with political considerations aside,
the only practical near-term expediency for fulfilling the
growing demuand-and the even greater need, based on
recommended usage - for nitrogen is to concentrate on a
coordinated and expeditious effort to complete current
projects for ammonia production and shipping capacity in
and from those areas (Mideast, Southeast Asia, North
Africa, Venezuela, Canada, etc.) where natural gas is
currently being flared in tremendous quantities and for
liquified natural gas (LNG) production in and shipping
from these same arcas.

This admittedly is a contingency operation, with the
ammonia export capacity ideally going to those developing
nations with high population growth rates. but without
indigenous feedstocks or nitrogen capabilities, and the gas
export capacity going to industrialized nations with large
NH;  capacities, but with dwindling gas or naphtha
resources.

Howcver, the key words are “eoordinated and expedi-
tious,™ This form of international cooperation is probably a
utopian ideal. Already there is a specter of near-term
nitrogen overcapacity in the offing. TVA sources have
identified NII; projects under way or firmly committed
that will, by 197879, add about 3.6 million tons of new
capacity in Canada, about 2 million tons in the United
States, and about 14 million tons in the remainder of the
world. LNG projects are growing rapidly as well and may
have, indirectly, an added impact on NHy capacity. About
& major projects are in operation, another 8 in advanced
stages and firmly committed, and 10 or more in the
planning stage. This capacity will, of course, be required in
the long term, but there could be an interim of serious
short-term oversupply.

In the United States. where 9477 of existing NH,
capacity is based on natural gas, contingency actions shoutd
be taken to give nitrogen producers the highest industrial
priority. both on intrastate and intenstate pas. and to
reverse the trend away from coal to gas for fuel-only usage
by (a) reluxing antipotlution requirements in many situa-
tions, and (b) equating natural gas costs to those of other
fuels to minimize the incentive Tor gas usige as a tuel,

Indirect  substitution  of  fuel or fecedstocks With
respect to substitution ot tuel (heat) energy in NH,
synthesis, it is technieatly teasible in the gas and naphtha
reforming processes only 1o substitute another fuel for
that portion of the total feedstock mpat that s consumed
in the high-temperatare endothenmic catalyue reforming
reaction, the svinthesis pas punbication step, and  the
compression ol the synthesis gas (o synthesis pressure, Of
the approximately 35-nmllion Bru/ton NH; total mputina

large natural gas reforming plant (gas turbing compressors)
about i4-million Btu/ton, or 40%, is consumed as fuel.
Theoretically, the use of a more plentiful, cheaper material
as fuel would be more economical, and would conserve the
scarcer hydrocarbon feedstock.,

However. the only practical. alternate fuel that is not
petroleum related is coal. The problems involved in the
short-haul availability, in-plant logistics, and reformer
reworking or replacement. coupled with stack gas handling
(antipollution). are formidable even in the United States,
where some Midwest plants are located in coal-producing
areas. Nevertheless, although the economics cannot be
generalized, those existing. NIF plants located in coal-
producing arcas should consider this alternative. The
necessary adaptations could be considered as near- to
midterm capability.

Much of the above discussion may seem to have
departed trom the primary objective of this report- to
define methods of petroleum-based tuel and tfeedstock
conservation in the ammonia industry, However, the
current  worldwide shortage ot nitrozen  fertilizers
(including, certainly. the United States) cannot be divoreed
from the same sitwation in the petioleuni-hased energy
supply. so a discussion ot the most efficient use of the
available energy in this area appears to he pertinent.

The expendient approaches discussed  above do not
represent  the optimum  in cconomics or international
financing. Those political areas with dwindling or non-
existent feedstocks still will be taced with the dilemma of
high costs and high foreign exchange drains versus the
growing and in many cases. desperate need for food
energy for their growing populations, However, piven the
necessary food energy input. the increased productivity of
those areas may. in many instances. significantly offset
these economic drains.

Potential for Far-Term (10-Year)
Ammonia Process Substitution

General consideration Given the restriction of proven
process substitution for the far-term period, particularly on
the scale of operation necessary toatfect a meaningful
reduction of consamption ot petroleum-related feedstocks,
there i fittle chanee of full process substitution for
ammonta synthesis in the 10-vear period with winch this
report s coneerned.

There are. however, two processes which would entirely
climinate cartbon o hvdrocarhon feedstocks and Toels in
ammonia (hydrogen) svnthesis. These are:

b Llectrolvsis of water (electrochemivall Tssentially

only water, electrical energy.and nitrogen (hom a
nitrogen-only: hqued s vlant or scrabbed e gas)
are required. Untortunately . the presentday elece
tolytic cells are so extiemely costly that the capital



* charges can be offset only by very low-cost electrical
“energy; it was estimated in 1969 (6) that with the
best' of present cell technology essentially zero
electrical energy cost would be required to compete
with natural gas at $0.50/1,000 feet?. However, given
the impetus of drastically increasing costs of gas and
oil, and given about a fivefold increase in operating
current density and a fourfold decrease in module
cost, the electrolytic ammonia process could compete
with carbon-based ammonia. This is highly unlikely
to occur in the foreseeable future, particularly since
the cost of electrical energy is also increasing steadily,
but this approach should not be neglected. This
process is used today in small installations where no
carbon feedstock is availuble und electric energy costs
are low (hydroelectric).
2. Thermochemical dissociation of water - =This process
is still in_the laboratory stage and the lack of
engincering data precludes an economic evaluation.
However, estimated overall heat energy conversion
efficiencies of up to 607 are significantly greater
than current NH; synthesis processes (30%-40%),
including electrolysis. The process involves the high-
temperature (about 700°C) stepwise reaction of
calcium bromide, water, and mercury bromide to
yield hydrogen and oxygen. This process appears very
promising, but is beyond the scope of this report in
terms of probable development.
Coal gasification The tremendous impact of a
technotogically. and economically sound large-scale
coal gasification process upon the economy and
energy independence of the United States cannot be
overemphasized. Sidestreams from such a process
could certainly be adapted to ammonia production
and could climinate the predicted dependency of this
nation on imported petroleum feedstocks and nitro-
gen, Statistics bear this out the United States
Geological Survey estimates United States “reserves™
at about 500 billion tons (1 trillion barrel oil
equivalent: at least equal to proven world oil supply),
with perhaps 500-1.000 billion tons of additional
coal “resources”™ not quantitied and minable under
present conditions,

However, at this poeint in time, unfortunately, the
confused overview of the technology itself and of the
process economics, and, as importantly, the apparent lack
of advanced (mechanized and automated) mining tech-
nology to deliver the raw material at tremendous annual

W

volumes and a1 low costs renders the chances of fruition of

this “process™ by the mideighties very unlikely. A meaning-
ful evaluation ol ammonia production capability and costs
in relation to this type of operation s, therefore, impossible
at this point. 1t appears that an effort and expenditure akin
to that of the Apolio space program would be required
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and justified—to bring ,on a really significant capacity of
this type by 1985; most concede that even first-generation
plants will not come on-stream in significant numbers
before 1990-1995."

4. Partial oxidation of coal—-Thus, in the preceding
sections, the very promising but as yet unproven
process substitutions have been eliminated. until only
one is left for the foresecable decade ahcad. This
process—partial oxidation of coal--is not new by any
means, as has been indicated in the section on
General Frocess Description. [t simply has not been
developed to its full potential. 1t has, however, a
better chance of implementation within the 10-year
framework of this report than any other full feed-
stock substitution process. [t involves the gasification
process, preferably at the mine head. but in much
smaller multiple units, specifically tailored to the
ammonia synthesis plant itseif. The cconomics are
not as favorable as the potential cconomics of the
conceptual 250 million ft3/day gasification units
(sufficient  for about seven 1,000 tons/day
ammonia plants) due to the smaller scale of opera-
tion, but the technology is thought to be advancing
more rapidly. Indeed, three large (900 mt/day) low-
grade coal units are nearing completion in India and
will serve as pilot plants for those areas having proven
reserves of coal, including the United States.

The coal-based operation has significant disadvantages as
compared with gas or naphtha reforming. Higher original
capital costs for the gasifiers. gas purification units, and
liquid air plant: great variability in coal quality: high fuel
(heat) losses: high steam requirements: higher labor costs;
and limited capacity of individual gasifiers are some of the
problems involved. MHowever, in the past the greatest
deterrent to erection of significant capacity lias been the
poor operating experience high down-time - with these
units.

Nevertheless, there are  many areas, particularly
developing arcas. that have no other feedstock/fucels except
coal, and the incentives are great to pursue this route-the
greatest is the tremendous reduction of foreign exchange
capital required to meet growing agricultural nitrogen
demands when compared with the alternatives of importing
ammonia (or N products) or importing the feedstocks. The
drive toward minimizing or climinating national
dependence upon others for this basic need is also a strong
incentive.

Effect of energy shortage on plant investiments of
current ammonia processes  TVA sources have indicated

Peirm plans for the construction of at least two 250 million
CFD coal-gasification units in New Mexico, US.A., by 1977-80 are
being pursued; these, however, are not based on new-generation
gasification units, but on a multiplicity of small but proven
*partial-oxidation” unils as described in Section D.



the carly 1974 contract price for a gas-reforming NHj3
plant, U.S. Gulf Coast, has increased 40% over that of early
1973. A 1,000-ton/day unit was $20 million in 1973, but is
now about $28 million, battery-limits basis. The shortages
of all materials of construction and of transportation have
been blamed on the current energy shortage. However, it is
felt that a significant portion of this increase is due to the
“sellers” market” in the fertilizer industry, including process
equipment.

Effect of process substitution on plant design—-f it is
granted that partial oxidation of coal is the only practical
far-term process “‘substitution” for conventional NH,
processes, drastic changes in the design of the “front end”
(synthesis gas production) of existing gas-reforming plants
would be required. The two-stage gas reformer would be
replaced with four to five gasifiers, the gas scrubbers would
be doubled in number and size, and a liquid air plant would
be added to supply oxygen and nitrogen.

Effect of far-term  process substitution on plant
investment-—The inherent weakness of the coal partial-
oxidation (gasification) has been its high capital cost. The
small, multiple gasifiers; large CO, and sulfur removal
systems; liquid air plant; and solids handling equipment
increase the battery limits plant investment of this type
plant to about twice that of a natural gas-reforming plant of
the same capacity. The development of large, single train
gasifiers would help this situation, but only to a modest
extent,

Effect of far-term process substitution on ammonia
production  costs --Obviously, the high capitalization
charges against the coal-based process and its low energy
efficiency increase the production cost of the anumonia, as
compared with that from a gas-reforming plant. At
moderate cquivalent energy costs (say, $0.50/million Btu)
the coal-based production cost will exceed that of natural
gas by about 70%. The only way in which coal can be
competitive is by being available at a much lower unit
energy cost,

Possibilities of Product Substitution

There is no possibility of near- or far-term (10 year)
substitution of another form of fixed nitrogen for
anhydrous ammonia on any conmmercial scale.

The fact that ammonia prices have increased at least
twofold in a year’s time (to Mareh 1974) has not in any
way decreased the demand. World markets bring even
higher prices than those in the United States. Fertilizer
investments are regarded by farmers as yielding the greatest
return of any input to their operation. In carly 1973,
ammonia fo.b. plant prices in the United States were
$42/mt which represented low, if any, profit in the buyers’
market. Current prices (carly 1974) are $100-$110/mt with
spot prices in excess of $130. Still, there is a firm pressure

for greater quantities, These price increases are in part due
to intrinsic production cost increases, but a large part is due
to thesellers” market situation. Fertilizer production is again
a profitable business after a number of profitless years.

Economic Factors in the
Production of Synthetic Ammonia

Estimated ammonia plant investments (U.S. Gulf Coast
basis) for 600 and 1,000 mt/day capacity—January 1974
basis—are given below. Plant investment for a 1,000 short
ton/day complex consisting of the battery limits synthesis
plant; auxiliary utilities facilities; support facilities, such as
office buildings, shops; and product storage is given in the
following tabulation:

Investment $ million

(1,000 mt/day plant)
T T partial
Gas Naphtha oxidation

Investment item reforming reforming Ol Coal

Battery limits NH, 8.0 320 370560
Site preparation 1.0 1.0 1.0 1.5
Auxiliary facilities? 4.2 4.8 57 84
Support facilities? 4.2 4.8 57 76

Subtotal 374 426 494 735
Product storage? 2.0 2.0 20 20
Total complex investment®  39.4 416 514755

TEstimated ;if“lg'f[)'f‘l‘)ﬁ-ilcry limits investment.
"Refrigerated, atmospheric slorage, 15,000 mt capacity.
“Does not include land, or special frcilities such as marine facilities.

Similar investment data are given below for 600 mt/day
plants.

Investment $ million
(600 mt/day plant)
Partial
Gas Naphtha  oxidation
reforming  reforming  Oil  Coal

Battery limits, U.S. 20.0 230 26.5 400
Site preparation 1.0 1.0 1.0 15
Auxiliary facilities® 3.0 35 40 0.0
Support facilities? 10 35 40 6.0

Subtotal 27.0 31.0 355 535
Product storage? 2.0 20 20 20
Total complex

investment® 29.0 330 375 555

stimated at 157 of battery limits investment,
Refrigerated, atmospheric storage, 15,000 mt capacity.
Does not include land, or special facilities such as marine facilities,

The estimated production costs for mmmonia produced
in 600 mt/day plants based on natural gas. naphtha, crude
or fuel oil. and coal are given in tables 1, 3.5, and 7.
Similar tables 2, 4, 6, and 8 are given for the 1.000 mt/day

7



Table 1. Ammonia production costs, natural gas feedstock (600 mt/day)
Plant capacity, 600 mt/day, 198,000 mt/year; Plant investment $29.0 million

No. Production costs, $/mt, at
units/mt Price/unit indicated cost of feedstock
o Units product $ 0.30 0.60 090
Materials
Feedstock, natural 1,000 ft3 23.1 0.30 695
gas (900 Btu/standard ft3) 0.60 13.90
: 0.90 20.80
Intermediates, catalysts, chemicals - . - - 0.60 0.60 0.60
Maintenance (2.5% plant investment) 3.66 3.66 3.66
Fuel, power, other
Natural gas, fuel 1,000 ft2 15.4 030 461 ~
. 0.60 9.25
. 090 13.80
Electric energy kWh 33.0 0.02 0.66 0.66 0.66
Cooling water 1,000 gal 55.0 0.02 1.10 1.10 1.10
Boiler feedwater 1,000 gal 0.6 0.50 0.30 0.30 0.30
Labor
Production Man-hrs 0.20 500 1.00 1.00 1.00
Maintenance (2.5% plant investment) ‘ 3.66 3.66 3.66
Supervision Man-hrs 0.10 5.00 0.50 0.50 0.50
Administrative Man-hrs 0.10 5.00 0.50 0.50 0.50
Sales expense Fixed - - 4,00 4.00 4,00
General expenses Fixed - - 1.00 1.00 1.00
Capital charges
12.7% plant investment? 18.60 18.60 18.60
Subtotal 47.14 58.73 70.18
8%, Y4 working capital® 0.35 0.48 0.62
Total production cost, $/mt 47.49 59.21 70.80

ISum of 6.77 (15 yrs) depreciation, 2% taxes and insurance, 8% (%2 plant cost) interest.
Working capital = 30 days’ value of raw materials plus 90 days’ value of subtotal production cost.

Table 2. Ammonia production costs, natural gas feedstock (1,000 mt/day)
Plant capacity, 1,000 mt/day, 330,000 mt/yecar; Plant investment $39.4 million

No. ' Production costs, $/mt, at
units/mt Price/unit indicated cost of feedstock
Units product $ 0.30 0.60 0.90
Materials
Feedstock, natural 1,000 ft3 23.1 0.30 6.95
gas (900 Btu/standard f13) 0.60 13.90
0.90 20.80
Intermediates, catalysts, chemicals - - - 0.60 0.60 0.60
Maintenance (2.5% plant investment) 298 2.98 298
Fuel, power, other oL
Natural gas, fuel 1,000 ft? 154 0.30 461
0.60 9.25
090 13.80
Electric energy kWh 330 0.02 0.66 0.66 0.66
Cooling water 1,000 gal 55.0 0.02 1.10 1.10 1.10
Boiler feedwater 1,000 gal 0.6 0.50 0.30 0.30 0.30
Labor .
Production Man-hrs 0.12 500 0.60 0.60 0.60
Maintenance (2.5% plant investment) 298 298 298
Supervision Man:hrs 0.06 5.00 0.30 0.30 0.30
Administrative Man-hrs 0.06 5.00 0.30 0.30 €.30
Sales expense Fixed - - 4.00 4,00 4.00
General expenses Fixed - - 1.00 1.00 1.00
Capital charges
12.7% plant investment? 15.15 15.15 15.15
Subtotal 41.53 53.12 64.57
8%, % working capital® 0.50 0.63 0.77
Total production cost, $/mt 42.03 64.76 65.34

8Sum of 6.7% (15 yrs) depreciation, 2% taxes and insurance, 8% (% plant cost) interest,
bWorking capital = 30 days’ value of raw materials plus 90 days’ value of subtotal production cost.



Table 3. Ammonia production costs, naphtha feedstock (600 mt/day)

Plant capacity, 600 mt/day, 198,000 mt/year; Plant investment $33.0 million

No. Production costs, $/mt, at
units/mt Pricefunit indicated cost of feedstock
Units product 3 60 90 110
Materials
Feedstock, naphtha. Mt 0.51 60.00 30.60
(19,000 Btu/Ib) 90.00 4590
110.00 56.10
Intermediates, catalysts - - 0.80 0.80 0.80
Maintenance (2.5% plant investment) 4.17 4.17 4.17
Fuel, power, other
Naphtha fuel Mt 0.37 60.00 2220
90.00 33.30
110.00 40.70
Electric encrgy kWh 500 0.02 1.00 1.00 1.00
Cooling water 1,000 gal 720 0.02 1.44 1.44 1.44
Boiler feedwater 1,000 gal 0.5 0.50 0.25 0.25 0.25
Labor
Production Man-hrs 0.20 5.00 1.00 1.00 1.00
Maintenance (2.5% plant investment) 4.17 4.17 4.17
Supervision Man-hrs 5.00 0.50 0.50 0.50
Administrative Man-hrs 5.00 0.50 0.50 0.50
Sales expense Fixed - - 4.00 4.00 4.00
General expenses Fixed - - 1.00 1.00 1.00
Capital charges
12.7% plant investment® 21.20 21.20 21.20
Subtotal 92.83 119.23 136.83
8%, Y2 working cupitulb 0.66 1.00 1.34
93.49 120.23 138.17

Total production cost, $/mt

4Sum of 6.77% (15 yrs) depreciation, 2% taxes and insurance, 8% (% plant cost) interest.
bWorking capital = 30 days’ value of raw materials plus 90 days’ value of subtotal production cost.

Table 4. Ammonia production costs, naphtha feedstock (1,000 mt/day)

Plant capacity, 1,000 mt/day, 330,000 mt/ycar;

Plant investment $44.6 million

No. Production costs, $/mt, at
units/mt Price/unit indicated cost of feedstock
Units product S 60 90 110
Materials
Feedstock, naphtha Mt 0.51 60.00 30.60
(19,000 Btu/Ib) 90.00 4590
110.00 56.10
Intermediates, catalysts, chemicals - - - 0.80 0.80 0.80
Maintenance (2.5% plant investment) 3.38 3.38 3.38
Fuel, power, other
Nuphtha fuel Mt 0.37 60.00 22.20
90.00 33.30
110.00 40.70
Electric encrgy kWh 500 0.02 1.00 1.00 1.00
Cooling water 1,000 gal 720 0.02 1.44 144 1.44
Broiler feedwater 1,000 gal 0.5 0.50 0.25 0.25 0.25
Labor
Production Man-hrs 0.13 5.00 0.65 0.65 0.65
Maintenance (2.5% plant investment) 3.38 3.38 3.38
Supervision Man-hrs 0.07 5.00 0.35 035 0.35
Administrative Man-hrs 0.06 5.00 0.30 0.30 0.30
Sales expense Fixed - - 4.00 4.00 4,00
General expenses Fixed - - 1,00 1.00 1.00
Capital charges
12.7% plant investment? 17.15 17.15 17.15
Subtotal 86.50 11290 130.50
8%, Y2 working cupitalb 1,05 1.39 1.67
Total production cost, $/mt 87.66 114.29 132.17

4Sum of 6.7% (15 yrs) depreciation, 2% taxes and insurance, 8% (¥ plant cost) interest.
bWorking capital = 30 days’ value of raw materials plus 90 days' value of subtotal production cost.



Table 5. Ammonia production costs, crude (fuel) oil feedstock (600 mt/day)

Plant capacity, 600 mt/day, 198,000 mi/year; Plant investment $37.5 million

Materials
Feedstock, crude
or fuel oil (17,500
Btu/lb)
Intermediates/supplies (catalysts)
Maintenance (2.5% plant investment)
Fuel, power, other
Crude oil-fuel

Electric energy
Cooling water
Boiler feedwater
Labor
Production
Maintenance (2.5% plant investment)
Supesvision
Administrative
Sales expense
General expenses
Capital charges
12.7% plant investment?
Subtotal

8%, Y2 working cupitulb
Total production cost, $/mt

No.

Production costs, $/mt, at

units/mt Price/unit indicated cost of feedstock
Units product $ 6 8 10
Bbls 3.65 6.00 21.90
8.00 29.20
10.00 36.50
0.40 0.40 0.40
4,73 4,73 4,73
Bbls 2.62 6.00 15.70
8.00 20.90
10,00 26.20
kWh 50.0 0.02 1.00 1.00 1.00
1,000 gal 88.0 0.02 1.76 1.76 1.76
1,000 gal 0.04 0.50 0.20 0.20 0.20
Man-hrs 0.27 5.00 1.35 1.35 1,35
4,73 4,73 4,73
Man-hrs 0.135 5.00 0.67 0.67 0.67
Man-hrs 0.135 5.00 0.67 0.67 0.67
Fixed - - 4,00 4.00 4.00
Fixed - - 1.00 1.00 1.00
25.10 25.10 25.10
83.21 95.71 108.31
0.59 0.86 1.03
83.70 96.57 109.34

3Sum of 6.7% (15 yrs) depreciation, 2% taxes and insurance, 8% (2 plant cost) interest,
bWorking capital = 30 days’ value of feedstock plus 90 days’ value of subtotal production cost.

Table 6. Ammonia productjon costs, crude (fuel) oil feedstock (1,000 mt/day)

Plant capacity, 1,000 mt/day, 330,000 mt/year;

Materials
Feedstock, crude
or fuel oil (17,500
Btu/Ib)
Intermediates/supplies (catalysts)
Maintenance (2.5% plant investment)
Fuel, power, other
Crude oil--fuel

Electric energy
Cooling water
Boiler fecdwater
Labor
Production
Maintenance (2.5% plant investment)
Supervision
Administrative
Sales expense
General expenses
Capital charges
12.7% plant investment?
Subtotal

8%, Y& working capi(ulb
Total production cost, $/mt

Plant investment

No. Production costs, $/mt, at
units/mt Price/unit indicated cost of feedstock
Units product $ 6 8 10
Bbls 3.65 6.00 21.90
8.00 29.20
10.00 36.50
0.40 0.40 0.40
3.88 3.88 3.88
Bbls 2.62 6.00 15.70
8.00 20,90
v 10.00 26.20
kWh 50.0 0.02 1.00 1.00 1.00
1,000 gal 88.0 0.02 1.76 1.76 1.76
1,000 gal 04 0.50 0.20 0.20 0.20
Man-hrs 0.16 5.00 0.80 0.80 0.80
3.88 3.88 3.88
Man-hrs 0.08 5.00 0.40 0.40 0.40
Man-hrs 0.08 5.00 0.40 0.40 0.40
Fixed - - 4.00 4.00 4,00
Fixed - - 1.00 1.00 1.00
19,75 19.75 19.75
75.07 87.57 100.17
0.89 1.06 1.24

75.96 88.63 10141

a8um of 6.7% (15 yrs) depreciation, 2% taxes and insurance, 8% (Y2 plant cost) interest.
bWorking capital = 30 days’ value of feedstock plus 90 days’ value of subtotal production cost.



Table 7. Ammonia production costs, coal feedstock (600 mt/day)

Plant capacity, 600 mt/day, 198,000 mt/year;

Materials
Feedstock, coal
(11,400 LHV
Btu/lb)
Intermediates, chemicals
Maintenance (2.5% plant investment)
Fuel, power, other
Coal, fuel

Electric energy
Cooling water
Boiler feedwater
Labor
Production
Maintenance (2.5% plant investment)
Supervision
Administrative
Sales expense
General expenses
Capital charges .
12.7% plant investmentd
Subtotal
8%, ' working cupitalb
Total production costs, $/mt

Plant investment $55.5 million

No. Production costs, $/mt, at
units/mt Price/unit indicated cost of feedstock
Units product $ 10 20 30
Mt 1.15 10.00 11.50
20.00 23.00
30.00 34,50
0.40 0.40 0.40
6.95 6.95 6.95
Mt 1.05 10.00 10.50
20.00 21.00
30.00 31.50
kWh 150.0 0.02 3.00 3.00 3.00
1,000 gal 77.0 0.02 1.54 1.54 1.54
1,000 gal 0.5 0.50 0.25 0.25 0.25
Man-hrs 0.53 5.00 2.65 . 2.65 2.65
6.95 6.95 6.95
Man-hrs 0.26 5.00 1.30 1.30 1.30
Man-hrs 0.26 5.00 1.30 1.30 1.30
Fixed - - 4,00 4.00 4.00
Fixed - - 1.50 1.50 1.50
35.60 35.60 35.60
87.44 109.44 131.44
0.57 0.83 1.09
88.01 110.27 132,63

3Sum of 6.7% (15 yis) depreciation, 2% taxes and insurance, 8% (1 plant cost) interest.,

Working capital = 30 days’ value of raw materials plus 90 days’ value subtotal production cost.

Table 8. Ammonia production costs, coal feedstock (1,000 mt/day)

Plant capacity, 1,000 mt/day, 330,000 mt/year; Plant investment $75.5 million

No. Production costs, $/mt, at
units/mt Price/unit indicated cost of feedstock
Units product 3 10 20 30
Materials
Feedstock, coal Mt 1.15 10.00 11.50
(11,400 LHV 20.00 23.00
Btu/lb) 30.00 34.50
Intermediates, chemicals 0.40 040 0.40
Maintenance (2.5% plant investment) 5.70 5.70 5.70
Fuel, power, other
Coal, fuel Mt 1.05 10,00 10.50
20.00 21.00
30.00 31.50
Electric energy kWh 150.0 0.02 3.00 3.00 3.00
Cooling water 1,000 gal 77.0 0.02 1.54 1.54 1.54
Boiler feedwater 1,000 gal 0.5 0.50 0.25 0.25 0.25
Labor
Production Man-hrs 0.32 5.00 1,60 1.60 1.60
Maintenance (2.5% plant investment) 5.70 5.70 5.70
Supervision Man-hrs 0.16 5.00 0.80 0.80 0.80
Admiinistrative Man-lirs 0.16 5.00 0.80 0.80 0.80
Sales expense Fixed - - 4,00 4.00 4.00
General expenses Fixed - - 1.50 1.50 1.50
Capital charges
12.7% plant investmentd 29.00 29.00 29.00
Subtotal 76.29 98.29 120.29
8%, % working capitalb 0.84 1,10 1.44
Total production costs, $/mt 77.13 99,39 121.73

3Sum of 6.7% (15 yrs) depreciation, 2% taxes and insurance, 8% (%1 plant cost) interest.
Working capital = 30 days’ value of raw materials plus 90 days’ value subtotal production cost.



plants. In each, a practical range of feedstock (fuel) costs is
used. The minor inputs of heat (steam) or electrical energy
arc  held constant at $0.50/thousand pounds and
$0.02/kWh, respectively.

The results of the calculations in the tables are sum-
marized in figure 1. To determine breakeven points for the
various feedstocks, read across to the desired curves at a
given production cost (ordinate) and pick off the breakeven
feedstock costs on the corresponding cost scales (abscissa).
For example, at a production cost of $70.00/mt, coal at
about $6.5u/mt breaks even with natural gas at about
$1.04/1,000 feet®.

UREA

Urea is rapidly becoming the greatest single source of
solid nitrogen fertilizer in the world; in 1967, urea
production was about 19% of total nitrogen production,
but in 1973 it was about 30% of the total N. Its high
analysis (467 N), satisfactory physical properties, and its
lack of fire and explosion hazards (as compared 1o
ammonium nitrate) are the rcasons for this growing
demand.

General Process Descriptions

All commercial process variations utilize the overall
reaction of liquid suhydrous ammonia (NH;) and gaseous
carbon dioxide (CO; ) to yield urea [CO(NH;),] .

2N 5(liquid) + CO,(gas) PTESUTC CO(NH, ) (solid) + H, Ot
heat

This is an oversimplification of the chemical reaction
steps involved, but is sufticient for this purpose. Both
reactants are obtained from the adjacent ammonia plant
(see “Ammonia™). thus, the urea plant operation is
dependent upon that of the ammonia plant,

The reaction is endothermic and requires the input of
thermal energy to produce the solid called prills. “the
reaction is favored by high pressure and high temperature;
commercial processes today operate in the range of 2,000
to 4,000 psig and 190° to 205°C. depending upon the
economics of individual process variation involved. Com-
pression of the reactunts and recycle streams to high
pressure also requires a high input of thermal and electrical
energy.

The reaction above does not go to completion, i.e., only
60%-705% of the ammonia and carbon dioxide are converted
1o urea in a single pass. As a result, the unreacted NHy and
C0O, must be separated, at low pressure, from the reactor
effluent solution (prior to evaporation of the water of
reaction to yield the solid) and recycled (by recompression
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or pumping) to the reactor. It is this requirement that adds
to the ¢ost and complexity of the process.

The total recycle of the unreacted raw materials within
the urea plant can be avoided, but only by the erection of
another, dependent, NHj-consuming plant, such as an
ammoniusm nitrate unit, Because of this interdependence of
these plants, few producers elect this alternative; nearly all
modern installations accept the interdependence of the
ammonia and urea plants (because it cannot be avoided
except at a significant cost of NH, and CO; storage), but
utilize the total recycle urea plant to avoid a three-plant
chain. It is even feasible to integrate the urea and ammonia
plants in such a way as to, in effect, purify the ammonia
synthesis gas by scrubbing out the CO, with ammonia and
recycle solution in a urca “prereactor”™ and pumping the
resulting solution up to urca synthesis pressure. Significant
energy savings are possible, but such a large, delicately
balanced system is difficult to maintain in stable condition.
No such units are known to be in operation,

Importance of Fuel and Feedstock
Energy to the Urea Process

The energy input to some of the conventional urea
processes is as follows,

Energy, Btu x 10%/mt urea
NH,;
energy

Equivalent

Process equivalent _electrical Steam Total
Total solution recycle  20.7 0.56 25 238
CO, or NHj stripping  20.7 0.45 1.7 229
Heat recycle? 20.7 0.56 1.2 225
Hot gas recycle 20.7 0.04¢ 03¢ 210

Average energy consumption, Btu x 106 /mt plant
nutrient =49.0

AT wo small units in operation.

bUnproven but theoretically sound.

CNo cooling water pumping or solution pumping.

dEstimated net (import of 2,800 lbs 400 psig superheated steam
export 2,800 lbs 150 psig steam).

Urea process designers have long recognized the need to
strive for maximum energy efficiency. The above processes
are in order of decreasing world capacity as well as
decreasing energy consumption. The heat reeycle process is
being demonstrated in two small plants--operating results
are not yet public. The hot gas recycle process is merely a
drawing board design, but appears to be sound. It cannot be
pilot-planted because the centrifugal hot-gas compressor
cannot operate in less than a 1,500 tons/day urea plant—an
expensive pilot plant. The “net™ steam requirement is valid
only if a use for the mediuny pressure export steam exists in
the complex. :
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Figure 1. Ammonia production costs versus feedstock costs
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Table 19. Estimated production costs for diammonium phosphate (18-46-0) (800 mt/day)
Plant capaclty, 800 mt/day, 287,000 mt/year; Plant investment $3.96 million

No. Production costs, $/mt at
units/mt Price/unit indicated cost, W-P acid
Units product $ 70 90 110
Materials
Ammonia Mt 0.23 55.008 12.65 12,65 12.65
W-P acid (54% P, O5) Mt 0.87 70.00P 60.80
90.00b 78.40
g 110.00b 95.80
Maintenance (2.5% plant investment) , 0.34 0.34 0.34
Fuel, power, other L
Fuel oil (drying) ~Gal 33 0.20 0.66 0.66 0.66
Electric energy ~kWh 220 0.02 0.44 044 0.44
Fuel oil (steam gen.) “Gal 44 0.20 0.88 088 0.88
Labor o o
Production ‘Man-hrs 0.18 5.00 0.90 0.90 0.90
Maintenance (2.5% plant investment) . 0.34 0.34 0.34
Supervision Man-hrs 0.09 5.00 045 045 0.45
Administrative Man-hrs 0.09 5.00 045 045 0.45
Sales expense Fixed 4,00 4.00 4,00
General expense Fixed 1.00 1.00 1.00
Capital charges '
12.7% plant investment© 1.75 1.75 1.75
Subtotal 84.66 102.26 119.66
8%, Y2 working capital® 1.19 1.44 1.70
Total production cost, $/mt 18-46-0 86.85 103.70 121.36

Praduced from natural gas at $0.60 1,000 ft 3.
bAt sulfur cost of $40/mt; 40% acid would be used if acid is produced at the same complex—costs would be stightly lower.
CSee tables 1-8.

Table 20. Estimated production costs for diammonium phosphate (18-46-0) (1,300 mt/day)
Plant capacity, 1,300 mt/day, 430,000 mt/year; Plant investment $5.0 million

No. Production costs, $/nit at
units/mt Price/unit indicated cost, W-P acid
Units product S 70 90 110
Materials
Ammonia Mt 0.23 55.004 12.65 12.65 12.65
W-P acid (54% P,0,) Mt 0.87 70.00P 60.80
90.000 78.40
110.00b 95.80
Maintenance (2.5% plant investment) 0.29 0.29 0.29
Fuel, power, other » ;
Fuel oil (drying) ‘Gal 3.3 0.20 0.66 0.66 0.66
Electric encrgy kWh 220 0.02 0.44 0.44 0.44
Fuel oil (steam gen.) Gal 44 0.20 0.88 0.88 0.88
Labor '
Production Man-hrs 002 5.00 0.60 0.60 0.60
Maintenance (2.5% plant investment) 0.29 0.29 0.29
Supervision Man-hrs 0,06 . 5.00 0.30 0.30 0.30
Administrative Man-hrs 0.06 . 5.00 0.30 0.30 0.30
Sales expense Fixed , 4,00 4.00 4.00
General expense Fixed ‘ 1.00 1.00 1.00
Capital charges : R
12.7% plant investment® 1.48 1.48 1.48
Subtotal 83.69 101.29 118.69
8%, Y2 working capital® ‘ 1.12 1.36 1.62
Total production cost, $/mt 18-46-0 84.81 102.65 120.31

8produced from natural gas at $0.60 1,000 ft3,
) At sulfur cost of $40/mt; 40% acid would be used if acid is produced at the same complex~costs would be slightly lower.
"See tables 1-8,
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Table 21. Estimated production costs for direct process ammonium polyphosph-te (12-57-0) (700 mt/day)
Plant capacity, 700 mt/day, 231,000 mt/year; Plant investment $3.T million

No. Production costs, $/mt at
units/mt Price/unit indicated cost, W-Pacid
Units___product s e e
Materials
Ammonia Mt 0.15 55.004 8.25 8.25 8.2§
W-P acid (54% P, 04) Mt 1.07 70.00b 75.00
90.00D 96.50
110.cob 117.50
Maintenance (2.5% plant investment) 0.35 0.35 0.35
Fuel, power, other
Fuel oil (steam gen.) Gal 44 0.20 0.88 0.88 0.88
Electric energy kWh 250 0.02 0.50 0.50 0.50
Libor
Production Man-hrs 0.20 5.00 1.00 1.00 1.00
Maintenance (2.5% plant investment) 0.35 0.35 0.35
Supervision Man-hrs 0.10 5.00 0.50 0.50 0.50
Administrative Man-hrs 0.10 5.00 0.50 0.50 0.50
Sales expense Fixed 4.00 4.00 4.00
General expense Fixed 1.00 1.00 1.00
Caprtad charges
12,7 plantinvestment® 179 1.79 1.79
Subtotal 94.12 115.62 136.62
Kb working capital® 1.40 1.72 2.04
Total production cost, 12.57-0 95.62 117.34 138.66

"il'mdun'd from natural gas at S().(;() I.E(IO ft3,
?/\I sultur cost of S40/mt.
CSee tables |-8.

Table 22. Estimated production costs for direct process ammonium polyphosphate (12-57-0) (1,050 mt/day)
Plant capacity, 1050 mt/day, 346,000 mt/year; Plant investment $3.9 million

No. Production costs, $/mt at
units/mt Price/unit indicated cost, W-P acid
Units _ product 3 70 90 110
Materials
Ammonia Mt , 0.15 55.004 8.25 8.25 8.25
WP acid (54% P, Og) Mt . 107 70.00P 75.00
90.00b 96.50
110.00b 117.50
Maintenance (2.5% plant investment) 0.30 0.30 0.30
tuel, power, other
Fuel o1l (steam gen.) . Gal 44 0.20 0.88 0.88 0.88
Electric encrgy kWh 250 0.02 0.50 0.50 0.50
Labor
Production Man-hrs 0.14 5.00 0.70 0.70 0.70
Maintenance (2.5 plant investment) , 0.30 0.30 0.30
Supervision Man-hrs 0.07 5.00 0.35 0.35 0.35
Administrative Man-hrs 0.07 5.00 0.35 035 0.35
Sales expense Fixed 4.00 4.00 4.00
General expense Fixed 1.00 1.00 1.00
Capital charges
12,750 plant investment® 1.50 1.50 1.50
Subtotal 93.13 114,63 135.63
B, ' working capital© 1.38 1.70 2.02
Total production cost, 12-67-0 R 94.51 116.33 137.65

dproduced from natural gas at $0.60 1,000 ft3,
YAt sulfur cost of $40/mt.
¢See tables -8,
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