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1. Introduction

Urea [57-13-6], CO(NH2)2, Mr 60.056, plays an
important role in many biological processes,
among others in decomposition of proteins. The
human body produces 20–30 g of urea per day.

In 1828, WÖHLER discovered [1] that urea can
be produced from ammonia and cyanic acid in
aqueous solution. Since then, research on the
preparation of urea has continuously progressed.

The starting point for the present industrial pro-
duction of urea is the synthesis of BASAROFF [2],
in which urea is obtained by dehydration of
ammonium carbamate at increased temperature
and pressure:

NH2COONH4COðNH2Þ2þH2O

In the beginning of the 20th century, urea was
produced on an industrial scale by hydration of
cyanamide, which was obtained from calcium
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cyanamide:

CaCN2þH2OþCO2!CaCO3þCNNH2

CNNH2þH2O!COðNH2Þ2

After development of theNH3 process (HABER

and BOSCH, 1913,! Ammonia, Chap. 3! Am-
monia, Chap. 4), the production of urea fromNH3

and CO2, which are both formed in the NH3

synthesis, developed rapidly:

2 NH3þCO2˙NH2COONH4

NH2COONH4˙COðNH2Þ2þH2O

At present, urea is prepared on an industrial
scale exclusively by reactions based on this
reaction mechanism.

Urea is produced worldwide on a large scale;
its production volume exceeds 150�106 t/a in
2010. The main application of urea is its use as
fertilizer. Urea, being the most important mem-
ber of the group of nitrogenous fertilizers, con-
tributes significantly in assuring world food
supply.

2. Physical Properties [3, 4]

Pure urea forms white, odorless, long, thin nee-
dles, but it can also appear in the form of rhom-
boid prisms. The crystal lattice is tetragonal–
scalenohedral; the axis ratio a : c¼1 : 0.833. The
urea crystal is anisotropic (noncubic) and thus
shows birefringence. At 20 �C the refractive
indices are 1.484 and 1.602. Urea has an mp of
132.6 �C; its heat of fusion is 13.61 kJ/mol.

Physical properties of the melt at 135 �C
follow:

r 1247 kg/m3

Molecular volume 48.16 m3/kmol

h 3.018 mPa � s
Kinematic viscosity 2.42�10�6 m2/s

Molar heat capacity, Cp 135.2 J mol�1 K�1

Specific heat capacity, cp 2.25 kJ kg�1 K�1

Surface tension 66.3�10�3 N/m

In the temperature range 133–150 �C, density
and dynamic viscosity of a urea melt can be
calculated as follows:

r ¼ 1638:5�0:96T

ln h ¼ 6700=T�15:311

The density of the solid phase at 20 �C is
1335 kg/m3; the temperature dependence of the
density is given by 0.208 kg m�3 K�1.

At 240–400 K, the molar heat capacity of the
solid phase is [5]

Cp ¼ 38:43þ4:98� 10�2Tþ7:05� 10�4T2�8:61� 10�7T3

The vapor pressure of the solid phase between 56
and 130 �C [6] can be calculated from

lnPv ¼ 32:472�11 755=T

Hygroscopicity. Thewater vapor pressure of
a saturated solution of urea in water PO

ðsÞH2
in the

temperature range 10–80 �C is given by the
relation [7]

ln POðsÞH2O ¼ 175:766�11 552=T�22:679 ln T

By starting from the vapor pressure of pure water
PO
H2
, the critical relative humidity (CRH) then can

be calculated as

CRH ¼
�
PO
ðsÞH2O

=PH2O

�
�100

The CRH is a threshold value, above which urea
starts absorbing moisture from ambient air. It
shows the following dependence on temperature:

25 �C 76.5%

30 �C 74.3%

40 �C 69.2%

At 25 �C, in the range of 0–20 mol of urea per
kilogram of water, the integral heat of solution of
urea crystals in water DHs as a function of
molality m is given by [8]:

DHs ¼ 15:351�0:3523mþ2:327�10�2m2

�1:0106�10�3m3þ1:8853�10�5m4

Urea forms a eutectic mixture with 67.5 wt% of
water with a eutectic point at �11.5 �C.

The solubility of urea in a number of solvents,
as a function of temperature is summarized in
Table 1 [9, 10].

3. Chemical Properties

Upon heating, urea decomposes primarily to
ammonia and isocyanic acid. As a result, the gas
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phase above a urea solution contains a consider-
able amount of HNCO, if the isomerization
reaction in the liquid phase

COðNH2Þ2�NH4NCO�NH3þHNCO

has come to equilibrium [11]. In dilute aqueous
solution, the HNCO formed hydrolyzes mainly to
NH3andCO2. In amoreconcentrated solutionor in
a urea melt, the isocyanic acid reacts further with
urea, at relatively low temperature, to form biuret
(NH2–CO–NH–CO–NH2), triuret (NH2–CO–
NH–CO–NH–CO–NH2), and cyanuric acid
(HNCO)3 [12]. At higher temperature, guanidine
[CNH(NH2)2], ammelide [C3N3(OH)2NH2], am-
meline [C3N3OH(NH2)2], and melamine
[C3N3(NH2)3] are also formed [13–16].

Melamine can also be produced fromurea by a
catalytic reaction in the gas phase. To this end,
urea is decomposed into NH3 and HNCO at low
pressure, and subsequently transformed catalyti-
cally to melamine [15, 16] (! Melamine and
Guanamines).

Urea reacts with NOx, both in the gas phase at
800–1150 �C and in the liquid phase at lower
temperature, to form N2, CO2, and H2O. This
reaction is used industrially for the removal of
NOx from combustion gases [17–19, 21].

Reactions with Formaldehyde. Under acid
conditions, urea reacts with formaldehyde to
form among others, methyleneurea, as well as
dimethylene-, trimethylene-, tetramethylene-,
and polymethyleneureas. These products are
used as slow-release fertilizer under the generic
name ureaform [22] (! Fertilizers, 1. General).
The reaction scheme for the formation of methy-
leneurea is given below:

Methyleneurea reacts with additional mole-
cules of formaldehyde to yield dimethyleneurea
and other homologous products.

The reactions of urea with formaldehyde un-
der basic conditions are used widely for the
production of synthetic resins (! AminoResins,
Section 7.1). As a first step, methylolurea instead
of methyleneurea is formed:

This product subsequently reacts with form-
aldehyde to dimethylol urea, CO(NHCH2OH)2,
and further polymerization products. Since urea
is also the raw material for the production of
melamine, from which melamine–formaldehyde
resins are produced, it is the most important
building block in the production of amino resins.

When urea is applied as fertilizer to soil, it
hydrolyzes in the presence of the enzyme urease
to NH3 and CO2, after which NH3 is bacteriolog-
ically converted into nitrate and, as such, ab-
sorbed by crops [22, 23].

4. Production

4.1. Principles

4.1.1. Chemical Equilibrium

In all commercial processes, urea is produced by
reacting ammonia and carbon dioxide at elevated
temperature and pressure according to the Basar-
off reactions:

2 NH3ðlÞþCO2ðlÞ˙NH2COONH4

DH ¼ �117 kJ=mol
ð1Þ

NH2COONH4˙NH2CONH2þH2O

DH ¼ þ15:5 kJ=mol
ð2Þ

A schematic of the overall process and the
physical and chemical equilibria involved is

Table 1. Solubility of urea in various solvents (solubility in wt%of urea)

Temperature, �C

Solvent 0 20 40 60 80 100

Water 39.5 51.8 62.3 71.7 80.2 88.1

Ammonia 34.9 48.6 67.2 78.7 84.5 90.4

Methanol 13.0 18.0 26.1 38.6

Ethanol 2.5 5.1 8.5 13.1
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shown in Figure 1. In the first reaction, carbon
dioxide and ammonia are converted to ammoni-
um carbamate; the reaction is fast and exother-
mic. In the second reaction, which is slow and
endothermic, ammonium carbamate dehydrates
to produce urea and water. Since more heat is
produced in the first reaction than consumed in
the second, the overall reaction is exothermic.

Processes differ mainly in the conditions
(composition, temperature, and pressure) at
which these reactions are carried out. Tradition-
ally, the composition of the liquid phase in the
reaction zone is expressed by two molar ratios:
usually, themolar NH3 : CO2 and themolar H2O :
CO2 ratios. Both reflect the composition of the
so-called initial mixture [i.e., the hypothetical
mixture consisting only of NH3, CO2, and H2O if
both Reactions (1) and (2) are shifted completely
to the left].

First attempts to describe the chemical equi-
librium of Reactions (1) and (2) were made by
FREJACQUES [24]. Later descriptions of the chem-
ical equilibria can be divided into regression
analyses of measurements [25, 26] and thermo-
dynamically consistent analyses of the equilibria
[25, 27]. As far as the most important conse-
quences of these equilibria on urea process de-
sign are concerned, the methods correspond
closely to each other: The achievable conversion
per pass, dictated by the chemical equilibrium as
a function of temperature, goes through a maxi-
mum (Figs. 2 and 3). This effect is usually
attributed to the fact that the ammonium carba-
mate concentration as a function of temperature
goes through a maximum. This maximum in the
ammonium carbamate concentration can be ex-
plained, at least qualitatively, by the respective
heat effects of Reactions (1) and (2). However,
this mechanism cannot explain the observed

conversion maximum fully and quantitatively;
other contributing mechanisms have been sug-
gested [28].

The influence of the composition of the initial
mixture on the chemical equilibrium can be
explained qualitatively by Reactions (1) and
(2) and the law of mass action:

1. Increasing the NH3 : CO2 ratio (increasing the
NH3 concentration) increases CO2 conver-
sion, but reduces NH3 conversion (Figs. 4
and 5).

2. Increasing the amount of water in the initial
mixture (increasing the H2O : CO2 ratio) re-
sults in a decrease in both CO2 and NH3

conversion (Figs. 6 and 7).

Figure 1. Physical and chemical equilibria in urea
production

Figure 2. Carbon dioxide conversion at chemical equilibri-
um as a function of temperature
NH3 : CO2 ratio ¼ 3.5 mol/mol (initial mixture); H2O: CO2

ratio ¼ 0.25 mol/mol (initial mixture)

Figure 3. Ammonia conversion at chemical equilibrium as a
function of temperature
NH3 : CO2 ratio ¼ 3.5 mol/mol (initial mixture); H2O: CO2

ratio ¼ 0.25 mol/mol (initial mixture)
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In these cases, too, a full quantitative descrip-
tion cannot be derived simply from the law of
mass action and Reactions (1) and (2). Other, not
yet fully understood reaction mechanisms prob-
ably contribute to the chemical equilibria to a
minor extent.

In Figures 2, 4, and 6, the conversion at
chemical equilibrium is expressed as CO2 con-
version, that is, the amount of CO2 in the initial
mixture converted into urea (plus biuret), if no
changes occur in overall NH3, CO2, and H2O
concentrations in the liquid phase. This way of
representing the chemical equilibrium is consis-
tent with the presentation usually found in the
traditional urea literature. However, it is based on
the arbitrary choice of CO2 as the key compo-

nent. Historically, this may be justified by the
fact that in early urea processes, CO2 conversion
was more important than NH3 conversion. For
the present generation of stripping processes,
however, giving a higher weight to CO2 conver-
sion is not justified. Comparing, e.g., Figures 4
and 5, shows that an arbitrary choice of one of the
two feedstock components as yardstick to evalu-
ate optimum reaction conversion can easily lead
to faulty conclusions.

Ultimately, project economics (investment
and consumptions) will dictate the choice of
process parameters in the reaction section. With-
out going into such time- and place-dependent
economic considerations, one can argue that the
urea yield (i.e., the concentration of urea in the

Figure 4. Carbon dioxide conversion at chemical equilibri-
um as a function of NH3 : CO2 ratio
T ¼ 190 �C; H2O :CO2 ratio ¼ 0.25 mol/mol (initial
mixture)

Figure 5. Ammonia conversion at chemical equilibrium as a
function of NH3 : CO2 ratio
T ¼ 190 �C; H2O :CO2 ratio ¼ 0.25 mol/mol (initial
mixture)

Figure 6. Carbon dioxide conversion at chemical equilibri-
um as a function of H2O : CO2 ratio
T ¼ 190 �C; NH3 : CO2 ratio ¼ 3.5 mol/mol (initial
mixture)

Figure 7. Ammonia conversion at chemical equilibrium as a
function of H2O : CO2 ratio
T ¼ 190 �C; NH3 : CO2 ratio ¼ 3.5 mol/mol (initial
mixture)
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liquid phase) is a better tool for judging optimum
process parameters than CO2 or NH3 conversion.
Figure 8 illustrates that urea yield as a function of
temperature also goes through a maximum; the
location of this maximum is of course composi-
tion dependent. Figure 9 again shows the detri-
mental effect of excess water on urea yield; thus,
one of the targets in designing a recycle system
must be to minimize water recycle.

Figure 10 shows that the urea yield as a
function of NH3 : CO2 ratio reaches a maximum
somewhat above the stoichiometric ratio (2 : 1).

This is one of the reasons that all commercial
processes operate at NH3 : CO2 ratios above the
stoichiometric ratio. Another important reason
for this can be found from the physical phase
equilibria in the NH3–CO2–H2O–urea system.

4.1.2. Physical Phase Equilibria

In urea production, the phase behavior of the
components under synthesis conditions is impor-
tant. In all commercial processes, conditions are
such that pressure and temperature are well above
the critical conditions of the feedstocks ammonia
and carbon dioxide; i.e., both components are in
the supercritical state. The chemical interaction
between NH3 and CO2 (mainly the formation of
ammonium carbamate) results in a strongly azeo-
tropic behavior of the ‘‘binary’’ system NH3–
CO2. An approach to the description of the phase
equilibria if urea andwater are added to theNH3–
CO2 system was given by KAASENBROOD and
CHERMIN [29]. If a less volatile solvent C (water)
is added to an azeotropic systemA–B (NH3–CO2)
at a pressure where both components A and B are
supercritical, then the T–X liquid and gas planes
for the ternary system thus formed assume a
special shape owing to the peculiar path described
by the boiling points of the changing solutions
(Fig. 11). Sections through the liquid plane for
constant solvent content are analogous to the
liquid line for the binary system. The liquid plane
for the ternary systems appears as a ridge in the

Figure 8. Urea yield in the liquid phase at chemical equilib-
rium as a function of temperature
NH3 : CO2 ratio ¼ 3.5 mol/mol (initial mixture); H2O: CO2

ratio ¼ 0.25 mol/mol (initial mixture)

Figure 9. Urea yield in the liquid phase at chemical equilib-
rium as a function of H2O : CO2 ratio
T ¼ 190 �C; NH3 : CO2 ratio ¼ 3.5 mol/mol (initial
mixture)

Figure 10. Urea yield in the liquid phase at chemical equi-
librium as a function of NH3 : CO2 ratio
T ¼ 190 �C; H2O :CO2 ratio ¼ 0.25 mol/mol (initial
mixture)
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T–X space. If the peak points of this ridge are
linked up, the top ridge line is obtained. The
points on this line do not have the same A :B
ratio as the maximum for the binary azeotrope,
becauseA andB are not soluble in solventC to the
same extent. The A :B ratio changes and the
boiling point increases as the percentage of C
increases.

Analogous to the description of Figure 11, the
equilibria in the NH3–CO2–H2O–urea system
under urea synthesis conditions show a maxi-
mum in temperature at a given pressure as a
function of NH3 : CO2 ratio. A full description
of the phase equilibria in this system is evenmore
complex than the aforementioned hypothetical
A–B–C system, since the solid–liquid (S–L) and
solid–gas (S–G) equilibria interfere with the
liquid–gas (L–G) equilibria.

The strongly azeotropic behavior of the NH3–
CO2 system, and the associated temperature
maximum (or pressure minimum) in the ternary
and quaternary systems with water and urea, are
of practical importance in the realization of
commercial urea processes. Carbon dioxide is
less soluble than ammonia in water and urea
melts. As a result, the pressure gradient at con-
stant temperature is much steeper on the CO2-
rich side of the top ridge line. Moreover, this
difference in solubility also causes the pressure
minimum (or temperature maximum) to shift
toward higher NH3 : CO2 ratios as the amount
of solvent (water and urea) increases. Practically,
this means that in order to achieve relatively low
pressures at a given temperature, the NH3 : CO2

ratio in all commercial processes is chosen well
above the stoichiometric ratio (2 : 1). In some
processes, this ratio is chosen on the pressure
minimum (on the top ridge line, i.e., at a ratio of
ca. 3 : 1), whereas in other processes an even
greater excess of ammonia is used.

4.2. Challenges in Urea Production
Process Design

Like any process design, a urea plant design has
to fulfill a number of criteria. Most important
items are product quality, feedstocks and utilities
consumptions, environmental aspects, safety,
reliability of operation, and a low initial invest-
ment. Since the urea process in 2010 is approach-
ing a century of commercial-scale history, it will
be clear that compromises between the afore-
mentioned, partly conflicting, criteria are well
established. Also resulting from the age of urea
process design is the observation that a process
can only be successful if acceptable and compet-
ing solutions to all of these criteria can be com-
bined into one process design. Apart from apply-
ing straightforward normal engineering ap-
proaches, the challenge of finding an optimum
synergy between partly conflicting criteria, fo-
cuses in urea plant design essentially on a few
peculiarities:

1. The thermodynamic limit on the conversion
per pass through the urea reactor, combined
with the azeotropic behavior of the NH3–CO2

system, necessitates a cunning recycle system
design.

Figure 11. Liquid–gas equilibrium in a ternary system with
binary azeotrope at constant pressure
The system A–B forms a binary azeotrope; C is a solvent for
both A and B. The pressure is such that both A and B are
supercritical, whereas the pressure is below the critical pres-
sure of C
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2. The intermediate product ammonium carba-
mate is extremely corrosive. A proper combi-
nation of process conditions, construction
materials, and equipment design is therefore
essential.

3. The occurrence of two side reactions – hydro-
lysis of urea and biuret formation –must be
considered.

4.2.1. Recycle of Nonconverted Ammonia
and Carbon Dioxide

The description of the chemical equilibria in
Section 4.1.1 indicates that the conversion of the
feedstocks NH3 and CO2 to urea is limited. An
important differentiator between processes is the
way these nonconverted materials are handled.

Once-Through Processes. In the very first
processes, nonconverted NH3 was neutralized
with acids (e.g., nitric acid) to produce ammoni-
um salts (such as ammonium nitrate) as copro-
ducts of urea production. In this way, a relatively
simple urea process scheme was realized. The
main disadvantages of the once-through process-
es are the large quantity of ammonium salt
formed as coproduct and the limited amount of
overall carbon dioxide conversion that can be
achieved. A peculiar aspect of this historic de-
velopment is a partial ‘‘revival’’ of these com-
bined urea–ammonium nitrate production facili-
ties (UAN plants, see Section 4.3.3).

Conventional Recycle Processes. Once-
through processes were soon replaced by total-
recycle processes, where essentially all of the
nonconverted ammonia and carbon dioxide were
recycled to the urea reactor. In the first generation
of total-recycle processes, several licensors de-
veloped schemes in which the recirculation of
nonconverted NH3 and CO2 was performed in
two stages. Figure 12 is a typical flow sheet of
these, now called conventional, processes. The
first recirculation stage was operated at medium
pressure (18–25 bar); the second, at low pressure
(2–5 bar). The first recirculation stage comprises
at least a decomposition heater (d), in which
carbamate decomposes into gaseous NH3 and
CO2, while excess NH3 evaporates simulta-
neously. The off-gas from this first decomposi-
tion step was subjected to rectification (e), from
which relatively pure NH3 (at the top) and a
bottom product consisting of an aqueous ammo-
nium carbamate solution were obtained. Both
products are recycled separately to the urea
reactor (c). In these processes, all nonconverted
CO2was recycled as an aqueous solution, where-
as the main portion of nonconverted NH3 was
recycled without an associated water recycle.
Because of the detrimental effect of water on
reaction conversion (see Figs. 6–7, and 9),
achieving a minimum CO2 recycle (and thus
maximum CO2 conversion per reaction pass)
was much more important than achieving a low
NH3 recycle. All conventional processes there-

Figure 12. Typical flow sheet of a conventional urea plant
a) CO2 compressor; b) High-pressure ammonia pump; c) Urea reactor; d) Medium-pressure decomposer; e) Ammonia–
carbamate separation column; f) Low-pressure decomposer; g) Evaporator; h) Prilling; i) Desorber (wastewater stripper);
j) Vacuum condensation section
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fore typically operate at high NH3 : CO2 ratios
(4–5 mol/mol) to maximize CO2 conversion per
pass. The importance of these conventional pro-
cesses decreased rapidly as the so-called strip-
ping processes were developed.

Stripping Processes. In the 1960s, the Sta-
micarbon CO2-stripping process was developed,
followed later by other stripping processes (see
Section 4.3.2). Characteristic of these processes
is that the major part of the recycle of both
nonconverted NH3 and nonconverted CO2 oc-
curs via the gas phase, such that none of these
recycles is associated with a large water recycle
to the synthesis zone. Another characteristic
difference between conventional and stripping
processes in terms of the recycle scheme, can be
found in the way heat is supplied to the recircu-
lation zones. The energy balance of the conven-
tional processes is shown in Figure 13. In this
first-generation urea process, the heat supplied to
the urea synthesis solution was used only once;
therefore, this type of process can be referred to
as an N ¼ 1 process. Such a process required
about 1.8 t of steam per ton of urea.

The energy balance of a stripping plant is
shown in Figure 14. As in conventional plants,
heat must be supplied to the urea synthesis solu-
tion to decompose unconverted carbamate and to
evaporate excess ammonia and water. However,
a distinct difference in the heat balance with
respect to the conventional process is that only
the heat in the first heater (the high-pressure
stripper) is imported. This heat is recovered in
a high-pressure carbamate condenser (uncon-
verted ammonia and carbon dioxide are con-

densed to form ammonium carbamate) and re-
used in the low-pressure heaters. The heat sup-
plied is effectively used twice; thus, the term
N ¼ 2 process is used. The average energy con-
sumption of the stripping process is 0.8–1.0 t of
steam per ton of urea.

In the 1980s, some processes were described
that aim at a greater reduction of energy con-
sumption by a further application of this multiple
effect toN ¼ 3 (Fig. 15) [30–34]. As can be seen
from Figures 14 and 15, the steam requirement
for process heating is reduced in these types of
processes. However, whether the total energy
consumption for the process is also reduced is
doubtful, if the full capabilities of aN ¼ 2 type of
process are exploited and if the total energy
supply scheme, including the energy supply to
the carbon dioxide compressor drive, are taken

Figure 13. Conceptual diagram of the heat balance of a
conventional urea process
Heat to each subsequent heater is supplied in the form of
steam; the heat is used only once (N ¼ 1)

Figure 14. Conceptual diagram of the heat balance of a
stripping plant
Heat supplied to the first heater (the stripper) is recovered in
the first condenser (high-pressure carbamate condenser) and
subsequently used again in the low-pressure heaters (decom-
posers and water evaporators); the heat is effectively used
twice (N ¼ 2)

Figure 15. Further heat integration of a stripping plant in
conceptual form
Heat supplied to the first heater (the stripper) is effectively
used three times (N ¼ 3)
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into consideration [35]. Moreover, it seems that
the emphasis in urea technology now is shifting
from low energy consumption toward other fac-
tors, such asmore durable constructionmaterials,
more modern process control systems, and sim-
ple process design [36, 37].

4.2.2. Corrosion [38]

Urea synthesis solutions are very corrosive. Gen-
erally, ammonium carbamate is considered the
aggressive component. This follows from the
observation that carbamate-containing product
streams are corrosive whereas pure urea solu-
tions are not. The corrosiveness of the synthesis
solution has forced urea manufacturers to set
very strict demands on the quality and composi-
tion of construction materials. Awareness of the
important factors in material selection, equip-
ment manufacture and inspection, technological
design and proper operations of the plant, togeth-
er with periodic inspections and nondestructive
testing are the key factors for safe operation for
many years.

Role of Oxygen Content. Since the liquid
phase in urea synthesis behaves as an electrolyte,
the corrosion it causes is of an electrochemical
nature. Stainless steel in a corrosive medium
owes its corrosion resistance to the presence of
a protective oxide layer on the metal. As long as
this layer is intact, the metal corrodes at a very
low rate. Passive corrosion rates of austenitic
urea-grade stainless steels are generally between
<0.01 and (max.) 0.10 mm/a. Upon removal of
the oxide layer, activation and, consequently,
corrosion set in unless the medium contains
sufficient oxygen or oxidation agent to build a
new layer. Active corrosion rates can reach va-
lues of 50 mm/a. Austenitic stainless steel
exposed to carbamate-containing solutions in-
volved in urea synthesis can be kept in a passiv-
ated (noncorroding) state by a given quantity of
oxygen. If the oxygen content drops below this
limit, corrosion starts after some time – its onset
depending on process conditions and the quality
of the passive layer. Hence, introduction of oxy-
gen and maintenance of sufficiently high oxygen
content in the various process streams are pre-
requisites to preventing corrosion of the equip-
ment. For a long time, the use of oxygen in

combination with fully austenitic stainless steels
to influence the redox potential was common
practice in urea manufacture ever since it was
initially suggested [39, 40].

Oxygen is usually introduced in the form of
air. Some suggestions have been made to replace
the oxygen as a passivation agent by other oxi-
dizing agents, such as hydrogen peroxide, H2O2

[41, 42]. These systems, however, never gained
great acceptance because of higher costs of the
chemicals and because of the complications of
adding and mixing the chemicals to the process.

In the stripping processes, the heat-exchang-
ing tubes in the stripper usually represent the
most critical place with respect to danger of
corrosion. This is because in the stripper we find
a combination of high temperatures, high carba-
mate, and low oxygen concentration during the
process. Also other materials of construction
have been applied or suggested for the heat-
exchanging tubes, such as titanium and zirconi-
um, but the high costs for these refractory metals
as well as their bad constructability led to the
development of bimetallic tubing used in some
processes [43, 44].

Following the success of duplex (austenitic/
ferritic) stainless steels in the offshore industry,
in the 1990s duplex materials were introduced as
materials of construction in urea plants as well.
After optimization of composition and structure
of the austenitic/ferritic material, the duplex
materials appeared to be extremely resistant
against the carbamate corrosion typically ob-
served in urea plants. Toyo and SumitomoMetal
developed the new duplex stainless steel DP28W
for urea plants. Stamicarbon and Sandvik devel-
oped the duplex stainless steel Safurex. One of
the main advantages of these duplex stainless
steels is that they require considerable less or
even no oxygen to remain resistant against car-
bamate corrosion (see also Section 4.3.2).

From the point of view of corrosion preven-
tion, the condensation of NH3–CO2–H2O gas
mixtures to carbamate solutions deserves great
attention. This is necessary because – notwith-
standing the presence of oxygen in the gas
phase – an oxygen-deficient corrosive conden-
sate is initially formed on condensation. In this
condensate the oxygen is absorbed only slowly.
This accounts for the severe corrosion sometimes
observed in cold spots inside gas lines. The
trouble can be remedied by adequate isolation
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and tracing of the lines or by applying suitable
duplex stainless steels such as Safurex that are
not sensible for this type of corrosion.

When condensation constitutes an essential
process step – for example, in high-pressure and
low-pressure carbamate condensers – special
technological measures must be taken. These
measures can involve ensuring that an oxygen-
rich liquid phase is introduced into the condenser,
while appropriate liquid–gas distribution devices
ensure that no dry spots exist on condensing
surfaces.

Not only condensing but also stagnant condi-
tions are dangerous, especially where narrow
crevices are present, into which hardly any oxy-
gen can penetrate and oxygen depletion may
occur.

The duplex construction materials are much
less sensitive to the abovementioned forms of
corrosion initiated by oxygen deficiency.

Role of Temperature and other Process
Parameters in Corrosion. Temperature is the
most important technological factor in the be-
havior of the steels employed in urea synthesis.
An increase in temperature increases active cor-
rosion, but more important, above a critical
temperature it causes spontaneous activation of
passive steel. The higher-alloyed austenitic stain-
less steels (e.g., containing 25 wt% chromium,
22 wt% nickel, and 2 wt% molybdenum) ap-
pear to be much less sensitive to this critical
temperature than 316 L types of steel.

Sometimes, the NH3 : CO2 ratio in synthesis
solutions is also claimed to have an influence on
the corrosion rate of steels under urea synthesis
conditions. Experiments have showed that under
practical conditions this influence is not measur-
able because the steel retains passivity. Sponta-
neous activation did not occur. Only with elec-
trochemical activation could 316 L types of steel
be activated at intermediate NH3 : CO2 ratios. At
low and high ratios, 316 L stainless steel could
not be activated. The higher-alloyed steel type
25 Cr 22 Ni 2 Mo showed stable passivity, irre-
spective of the NH3 : CO2 ratio, even when acti-
vated electrochemically. Of course, these results
depend on the specific temperature and oxygen
content during the experiments.

Material Selection. Corrosion resistance is
not the only factor determining the choice of

construction materials. Other factors such as
mechanical properties, workability, and weld-
ability, as well as economic considerations such
as price, availability, and delivery time, also
deserve attention.

Stainless steels that have found wide use are
the austenitic grades AISI 316 L and 317 L. Like
all Cr-containing stainless steels, AISI 316 L and
317 L are not resistant to the action of sulfides.
Hence it is imperative in plants using the 316 L
and 317 L grades in combination with CO2 de-
rived from sulfur-containing gas, to purify this
gas or the CO2 thoroughly.

In stripping processes, the process conditions
in the high-pressure stripper are most severe with
respect to corrosion.

In the Stamicarbon CO2-stripping process, a
higher-alloyed, but still fully austenitic stain-
less steel (25 Cr 22 Ni 2 Mo) for a long time
was chosen as construction material for the
stripper tubes. This choice ensured better cor-
rosion resistance than 316 L or 317 L types of
material but still maintained the advantages of
workability, weldability, reparability, and the
cheaper price of stainless steel-type materials.
Since the 1990s, Safurex is used as material of
construction, offering a number of significant
benefits such as: no requirement for oxygen,
lower corrosion rates, non-sensitivity for stress
corrosion cracking, non-sensitivity for conden-
sation and crevice corrosion. Moreover, this
material has better mechanical properties, low-
er fatigue properties, and improved weldability
than the traditional austenitic stainless steels
such as the 25 Cr 22 Ni 2 MO type of con-
struction material. Finally, the better mechani-
cal properties allow for less investment of
Safurex [45, 46].

In the Snamprogetti stripping processes, for a
long time titanium was chosen for this critical
application. The stripper lifetime was limited by
erosion observed inside the top part of the tubes.
To extend the life of the titanium strippers, some
operators physically upturned the stripper by 180
degrees. To overcome these hurdles, at the end of
the 1980s titanium was replaced by a bimetallic
construction. The bimetallic tube consists of two
coaxial tubes: an external tubemade of austenitic
stainless steel (25 Cr 22 Ni 2 Mo) and an internal
tube made of zirconium. They are assembled and
drawn to obtain a propermechanical bonding. No
welding is required.
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In the late 2000s, two new options have been
developed and implemented for the Snamproget-
ti stripper design: the full zirconium stripper and
the Omegabond stripper. Both strippers can
withstand more severe conditions (in terms of
bottom temperatures), allowing long life of
equipment, optimization of plant operating con-
ditions, and minimization of required mainte-
nance. In the full zirconium stripper, both lining
and tubes are made of zirconium, which has
proven to be perfectly resistant to erosion and
corrosion. The Omegabond stripper takes advan-
tage of the long experience with the titanium
stripper, overcoming its limits due to erosion of
full titanium tubes by the use of Omegabond
tubes (developed in collaboration with ATI Wah
Chang, USA) obtained by extrusion of titanium
(external) and zirconium (internal) billets, form-
ing a metallurgical bond of the two materials
[47–49].

In the ACES process, the aforementioned
DP28W duplex material, jointly developed by
Toyo and Sumitomo Metal (SMI) is used. This
material offers the advantages of duplex stainless
steel: excellent corrosion resistance and passiv-
ation properties in urea–carbamate solution,
which enhances the reliability of the equipment
and enables a reduction of the passivation by air
[50, 51].

4.2.3. Side Reactions [50]

Three side reactions are of special importance in
the design of urea production processes:

Hydrolysis of urea

COðNH2Þ2þH2O!NH2COONH4!2 NH3þCO2 ð3Þ

Biuret Formation from Urea:

2 COðNH2Þ2!NH2CONHCONH2þNH3 ð4Þ

Formation of Isocyanic Acid from Urea:

COðNH2Þ2!NH4NCO!NH3þHNCO ð5Þ

All three side reactions have in common the
decomposition of urea; thus, the extent to which
they occur must be minimized.

The hydrolysis reaction (3) is nothing but the
reverse of urea formation. Whereas this reaction

approaches equilibrium in the reactor, in all down-
stream sections of the plant the NH3 and CO2

concentrations in urea-containing solutions are
such that Reaction (3) is shifted to the right. The
extent to which the reaction occurs is determined
by temperature (high temperatures favor hydroly-
sis) and reaction kinetics; in practice, this means
that retention times of urea-containing solutions at
high temperatures must be minimized.

The biuret reaction (4) also approaches equi-
librium in the urea reactor [25, 27]. The highNH3

concentration in the reactor shifts Reaction (4) to
the left, such that only a small amount of biuret is
formed in the reactor. In downstream sections of
the plant, NH3 is removed from the urea solu-
tions, thereby creating a driving force for biuret
formation. The extent towhich biuret is formed is
determined by reaction kinetics; therefore, the
practical measures to minimize biuret formation
are the same as described above for the hydroly-
sis reaction.

Reaction (5) shows that formation of isocyanic
acid from urea is also favored by low NH3 con-
centrations. This reaction is especially relevant in
the evaporation section of the plant. Here, low
pressures are applied, resulting in a transfer of
NH3 and HNCO into the gas phase and, conse-
quently, low concentrations of these constituents
in the liquid phase. Together with the relatively
high temperatures in the evaporators, this shifts
Reaction (5) to the right. The extent to which this
reaction occurs is again determined by kinetics.
The HNCO removed via the gas in the evapora-
tors collects in the process condensate from the
vacuum condensers, where low temperatures
shifts Reaction (5) to the left, again forming urea.
As a result of this mechanism of chemical en-
trainment, attempts to minimize entrainment
from evaporators with physical (liquid–gas) sep-
aration devices are destined to be unsuccessful.

4.3. Description of Processes

4.3.1. Conventional Processes

As explained in Section 4.2, conventional pro-
cesses have generally been replaced by stripping
processes. As the last of this generation of con-
ventional processes, the processes developed by
Toyo Engineering Corporation (TEC) were suc-
cessfully commercialized until the mid-1980s.

668 Urea Vol. 37



The continuous evolution of these processes is
reflected in their sequential nomenclature:

TR–A Total-Recycle A Process

TR–B Total-Recycle B Process

TR–C Total-Recycle C Process

TR–CI Total-Recycle C Improved Process

TR–D Total-Recycle D Process

Partial-recycle versions of these processes
were also realized. These TECMTC convention-
al processes were applied in more then 70 plants.
In the mid-1980s, the licensor of these processes
announced a stripping process (the ACES pro-
cess; see Section 4.3.2.4); this probably means
the end of conventional process lines.

4.3.2. Stripping Processes

Themajor feature that distinguishes the stripping
processes from the aforementioned conventional
processes is the way the nonconverted materials
(ammonium carbamate, excess ammonia, and
carbon dioxide) are recycled. While in the con-
ventional processes this recycle takes place in the
liquid phase, all stripping processes have in
common that at least a major part of the recycle
occurs in the gas phase. Moreover, in stripping
plants this recycle takes place at a pressure which
is the same as (or at least close to) the pressure at
which the urea synthesis reaction is carried out.
Both ammonia and carbon dioxide are supercrit-
ical under the synthesis conditions because the
synthesis pressure is higher than the thermody-
namic critical pressures of the two components. It
is, therefore, more correct to speak of a recycle
via the ‘‘gaseous’’ or ‘‘supercritical’’ phase. In all
stripping processes, the urea synthesis solution
leaving the reactor(s) is subjected to a heating
operation, virtually at reactor pressure. As a
result of this heating, firstly ammonium carba-
mate decomposes into ammonia and carbon di-
oxide in the liquid phase. Secondly, (part of) the
liberated ammonia and carbon dioxide are trans-
ferred from the liquid phase into the gaseous
phase. After separation from the urea-containing
liquid phase, the gaseous phase is subjected to a
cooling operation, transferring (at least a part of)
the gaseous components into a liquid phase,
where the ammonia and carbon dioxide again
react to form ammonium carbamate. This am-

monium carbamate is then recycled into the
reaction zone. A distinguishing feature of this
way of recycling is that no water needs to be
added to the recycle, thus avoiding the nega-
tive effect that water has on the maximum
achievable conversion in the reaction zone.
Moreover, since both condensation and carba-
mate formation in the stripping processes take
place at elevated pressures and temperatures, the
heat of condensation and the heat evolved in the
exothermic formation of ammonium carbamate
now come available at a higher temperature level.
This allows recovery of this heat in the form of a
low-pressure steam that can be used within the
rest of the process or exported for effective use
outside the battery limits of the urea plant.

The heating operation in the aforementioned
recycle step is usually denoted as ‘‘stripping’’,
whereas the cooling step is denoted as ‘‘carba-
mate condensation’’. The various stripping pro-
cesses differ from each other in a number of
aspects; most importantly in

. the use of a stripping agent in the stripping step.
Some processes use one of the raw material
feed stocks (either ammonia or carbon dioxide)
as a stripping aid.

. the amount of ammonium carbamate and ex-
cess of ammonia that is recycled via the afore-
mentioned high-pressure recycle loop versus
the amount recycled via subsequent low(er)-
pressure stage(s).

. the conditions (temperature, pressure, and
composition) that are applied in the reaction
zone(s).

. the hydraulic driving force for the recycle.
Some processes apply a recycle purely based
on gravity, other processes use power-driven
devices tomaintain the flow in the recycle loop.
Especially liquid–liquid ejectors, using pres-
surized ammonia as driving medium, are pop-
ular for this service in urea processes.

. the materials of construction used and the way
the corrosion aspects of the process are tackled
(see Section 4.2.2).

4.3.2.1. Stamicarbon CO2-Stripping
Processes

Since its first introduction in the 1960s, a number
of modifications of the Stamicarbon CO2-strip-
ping process were announced:
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1. The original Stamicarbon CO2-stripping pro-
cess with vertical film condenser

2. The Urea 2000plus concept, applying pool
condensation in the high-pressure carbamate
condensation step

3. The Avancore process

All Stamicarbon CO2 stripping processes
have some common features:

. The use of carbon dioxide as stripping agent in
the high-pressure stripper

. Use of gravity flow to maintain the main
recycle flow in the high-pressure loop

. Use of an azeotropic N/C ratio (3:1) in the
reactor

. Achieving a high degree of conversion of both
feedstocks (NH3 and CO2) within the synthesis
loop. As a result of this, the subsequent low-
pressure recycle loop is very simple: only one
small low-pressure carbamate recycle loop is
required.

Since the introduction of the Stamicarbon
CO2-stripping process, some 150 units have been
built according to these processes all over the
world. The maximum capacity of plants operat-
ing according to this process now is 3800 t/d.
Stamicarbon has announced a special MEGA

design that will allow capacities up to 5000 t/d
in a single line [52].

The Original Stamicarbon CO2-Stripping
Process (Figs. 16 and 17). The synthesis stage
of the Stamicarbon process consists of a urea
reactor (c), a stripper for unconverted reactants
(d), a high-pressure carbamate condenser (e), and
a high-pressure reactor off-gas scrubber (f). To
realize maximum urea yield per pass through the
reactor at the stipulated optimum pressure of
140 bar, an NH3 : CO2 molar ratio of 3 : 1 is
applied. The greater part of the unconverted
carbamate is decomposed in the stripper, where
ammonia and carbon dioxide are stripped off.
The stripper (d) is realized in the form of a
falling-film evaporator, where the urea synthesis
solution flows as a falling film along the inside of
the vertical heat-exchanging tubes. Heat, in the
form of medium-pressure steam, is supplied to
the outside of these tubes. The supply of heat at
this place results in decomposition of unconvert-
ed ammonium carbamate into ammonia and
carbon dioxide. Moreover, the heat supplied in
this way will transfer ammonia and carbon diox-
ide from the liquid phase into the gaseous phase.
Fresh carbon dioxide supplied to the bottom of
the tubes flows counter-currently to the urea
solution from top to bottom.

Figure 16. Stamicarbon CO2-stripping urea process (The process suitable for combination with a granulation plant is shown
here; combination with prilling is also possible.)
a) CO2 compressor; b) Hydrogen removal reactor; c) Urea reactor; d) High-pressure stripper; e) High-pressure carbamate
condenser; f) High-pressure scrubber; g) Low-pressure absorber; h) Low-pressure decomposer and rectifier; i) Pre-evaporator;
j) Low-pressure carbamate condenser; k) Evaporator; l) Vacuum condensation section; m) Process condensate treatment
CW ¼ Cooling water; TCW ¼ Tempered cooling water
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On this route, the carbon dioxide acts as a
stripping agent, enhancing the transfer of ammo-
nia from the liquid phase into the gaseous phase.
Thanks to a peculiarity in the vapor–liquid equi-
libria involved [29], stripping with carbon diox-
ide not only recycles ammonia, but, on top of
that, also effectively reduces the carbon dioxide
content of the urea synthesis solution flowing
down the heat exchanger tubes. Low ammonia
and carbon dioxide concentrations in the stripped
urea solution are obtained, such that the recycle
from the low-pressure recirculation stage (h, j) is
minimized. These low concentrations of both
ammonia and carbon dioxide in the stripper
effluent can be obtained at relatively low tem-
peratures of the urea solution because carbon
dioxide is only sparingly soluble under such
conditions. Low temperatures in the stripping
operation are important in order to minimize
corrosion in this critical process equipment.

Condensation of ammonia and carbon dioxide
gases, leaving the stripper, occurs in the high-
pressure carbamate condenser (e) at synthesis
pressure. Besides condensation, also chemical
formation of ammonium carbamate from ammo-
nia and carbon dioxide takes place in this con-
denser. Because of the high pressure, the heat
liberated from the condensation and subsequent
ammonium carbamate formation is at a high
temperature. This heat, therefore, can effectively
be used for the production of 4.5-bar steam for
further use in the urea plant itself. The conden-
sation in the high-pressure carbamate condenser
is not effected completely. Remaining gases are
condensed in the reactor and provide the heat
required for the dehydration of carbamate, as

well as for heating the mixture to its equilibrium
temperature. In this first-generation CO2-strip-
ping plants, the high-pressure carbamate con-
denser was of the vertical falling-film type: the
condensed liquid carbamate flowing down along
the inside wall of the (vertical) heat exchanger
tubes.

Physically, the reactor is located above the
stripper. By doing so, the difference in density
between the liquid flowing down from the reactor
and the gaseous components flowing upward
from the stripper generates a driving force purely
based on gravity for the recycle (reactor (c) !
stripper (d) ! condenser (e) ! reactor (c))
within the high-pressure synthesis loop.

The feed carbon dioxide, invariably originat-
ing from an associated ammonia plant, always
contains hydrogen. To avoid the formation of
explosive hydrogen–oxygen mixtures in the tail
gas of the plant, hydrogen is catalytically re-
moved from the carbon dioxide feed (b). Apart
from the air required for this purpose, additional
air is supplied to the fresh carbon dioxide input
stream. This extra portion of oxygen is needed to
maintain a corrosion-resistant layer on the stain-
less steel in the synthesis section. Before the inert
gases, mainly oxygen and nitrogen, are purged
from the synthesis section, they are washed with
carbamate solution from the low-pressure recir-
culation stage in the high-pressure scrubber (f) to
obtain a low ammonia concentration in the sub-
sequently purged gas. Further washing of the off-
gas is performed in a low-pressure absorber (g) to
obtain a purge gas that is practically ammonia
free. Only one low-pressure recirculation stage is
required due to the low ammonia and carbon
dioxide concentrations in the stripped urea solu-
tion. Because of the ideal ratio between ammonia
and carbon dioxide in the recovered gases in this
section, water dilution of the resultant ammoni-
um carbamate is at a minimum despite the low
pressure (about 4 bar). As a result of the efficien-
cy of the stripper, the quantities of ammonium
carbamate for recycle to the synthesis section are
also minimized, and no separate ammonia recy-
cle is required.

The urea solution coming from the recircula-
tion stage contains about 75 wt% urea. This
solution is concentrated in the evaporation sec-
tion (k). If the process is combined with a prilling
tower for final product shaping, the finalmoisture
content of urea from the evaporation section is ca.

Figure 17. Functional block diagram of the Stamicarbon
CO2-stripping urea process
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0.25 wt%. If the process is combined with a
granulation unit, the final moisture content may
vary from 1 to 5 wt%, depending on granulation
requirements. Higher moisture contents can be
realized in a single-stage evaporator, where-
as low moisture contents are economically
achieved in a two-stage evaporation section.

When urea with an extremely low biuret con-
tent is required (at a maximum of 0.3 wt%), pure
urea crystals are produced in a crystallization
section. These crystals are separated from the
mother liquor by a combination of sieve bends
and centrifuges and are melted prior to final
shaping in a prilling tower or granulation unit.

The process condensate emanating from wa-
ter evaporation from the evaporation or crystal-
lization sections contains ammonia and urea.
Before this process condensate is purged, urea
is hydrolyzed into ammonia and carbon dioxide
(l), which are stripped off with steam and re-
turned to urea synthesis via the recirculation
section. This process condensate treatment sec-
tion can produce water with high purity, thus
transforming this ‘‘wastewater’’ treatment into
the production unit of a valuable process con-
densate, suitable for, e.g., cooling tower or boiler
feedwater makeup.

The Urea 2000plus Concept (Figs. 18 and
19) [53, 54]. In the 1990s, Stamicarbon intro-
duced a new synthesis concept under the name
‘‘Urea 2000plus’’. The key difference with re-
spect to the previous Stamicarbon processes is
the application of pool condensation in the con-
densing step in the synthesis recycle loop.

Pool condensation is a technology where, in a
condensing operation, the liquid phase is the
continuous phase, whereas the gases to be con-
densed are present as bubbles, rising through the
liquid phase. As compared to the technique of
falling-film condensation, pool condensation of-
fers some considerable advantages. Firstly, the
turbulence that is introduced into the liquid phase
by the rising bubbles enhances the heat transfer
from the liquid phase to the cooling surfaces.
Secondly, the contact area between the gaseous
phase and the liquid phase in pool condensation is
considerably larger than in falling-film conden-
sation. As a result, the mass-transfer limitations,
well known from the general literature, see, e.g.,
[55] on the condensation of multicomponent
mixtures, are largely eliminated.

Whereas these two advantages are generic for
pool condensation in any application in the pro-
cess industry, the third advantage is specific for

Figure 18. Schematic of the synthesis section of the Stamicarbon Urea 2000plus process with pool condenser
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urea production: Since the liquid phase now is the
continuous phase, in pool condensation the resi-
dence time of the liquid phase in the condenser is
considerably longer. As explained in Section
4.1.1, the formation of urea from ammonia and
carbon dioxide basically goes through two steps:
first the chemical reaction to form ammonium
carbamate from ammonia and carbon dioxide,
which is fast and exothermic. The second step is
the formation of urea and water as a result of
dehydration of ammonium carbamate, which is
slow and endothermic. Now, in pool condensa-
tion the slow dehydration of ammonium carba-
mate takes place already in the pool condenser to
an appreciable amount because the liquid phase,
where the reaction takes place, has considerable
residence time. This is advantageous, since it
reduces the required residence time and thus the
required volume in the subsequent urea reactor.
Moreover, the urea and water formed during the
dehydration in the pool condenser have a higher
boiling temperature than ammonia and ammoni-
um carbamate. This leads to a higher net boiling
temperature of the liquid mixture in the conden-
sation step, which also gives rise to a higher
temperature difference between the process side
and the cooling side. This increase in tempera-
ture difference can advantageously been applied

for further reduction in investment (smaller heat-
exchanging area required).

In a first variant of the Urea 2000plus tech-
nology, the pool condenser simply replaced the
falling-film condenser (Figs. 18–20) [56]. In a
later variant of this process, the pool condenser
and the urea reactor were combined into one
single high-pressure vessel, called the pool reac-
tor (Figs. 19–21) [57]. By this combination of
high-pressure equipment items, a further invest-
ment reduction could be realized, especially for
small- and medium-size production plants. For

Figure 19. Schematic of the synthesis section of the Stamicarbon Urea 2000plus process with pool reactor

Figure 20. 3D artist impression of the Stamicarbon Urea
2000plus process with pool condenser
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large-scale plants (e.g., more than 2500 t/a), the
pool-reactor variant at present seems less suitable
because of the weight and the associated trans-
port constraints of the combined condenser–
reactor.

In the pool-reactor concept, a further simpli-
fication of the process was realized by deletion of
the heat-exchanging part of the high-pressure
scrubber. The heat-exchange step was replaced

by a process stepwhere cooling of the reactor off-
gases takes place through their direct contact
with the relatively cold fresh ammonia [58].

The synthesis section of the Urea 2000plus
plant is completed with a single low-pressure
recirculation stage, evaporation or crystalliza-
tion, a wastewater treatment section, and prilling
or granulation. These subsequent process steps
are similar to the ones in the original Stamicar-
bon CO2-stripping process.

By 2010, 10 plants were operating using the
Urea 2000plus technology.

4.3.2.2. The Avancore Urea Process (Fig. 22)
[59–63]

The Avancore urea process was introduced by
Stamicarbon in 2009. It comprises a new urea
synthesis concept that incorporates the benefits
of Stamicarbon’s earlier proven innovations. The
Avancore Urea process combines the advantages
of the Urea 2000plus technology, the construc-
tion material Safurex, and includes a low-eleva-
tion layout of the synthesis section:

Figure 21. 3D artist impression of the Stamicarbon Urea
2000plus process with pool reactor

Figure 22. Schematic of the synthesis section of the Avancore urea process
HP¼high pressure; MP¼medium pressure
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Urea 2000plus. The Urea 2000plus technol-
ogy (see Section 4.3.1.2) already provided the
technological advantage of improving heat trans-
fer in the condensing part of the urea synthesis,
achieved by the application of pool condensa-
tion. Simultaneously, the available temperature
difference over the condenser has increased by
combining carbamate condensation and urea re-
action in one vessel.

Safurex. The excellent corrosion resistant
properties of the Safurex material in an oxy-
gen-free carbamate environment (see Section
4.2.2) eliminate the need of using passivation
air in the urea processes. Because of the absence
of oxygen in the synthesis section, hydrogen or
any other combustibles present in the feed no
longer poses any risk of explosion for the urea
plant. The ammonia emissions are also kept to a
minimum thanks to the absence of passivation
air.

Low-Elevation Layout of the Synthesis Sec-
tion. In the Avancore process, Stamicarbon has
introduced a low-level arrangement of the syn-
thesis section, where the reactor is located on
ground level, which allows less investment and
easier maintenance. The concept still makes use
of a gravity flow in the synthesis recycle loop
(Figs. 22–23). However, the low-level arrange-
ment of the reactor necessitates another heat
source for the endothermic dehydration reaction
taking place in the reactor because the pool
condenser off-gas cannot flow into this low-level
reactor any more. Most of the urea formation,
however, already takes place in the pool con-

denser and, therefore, only a minor amount of
CO2 supplied to the reactor is sufficient to close
the heat balance around it.

Reduced-Pressure Inert Washing System
[64]. The vapor leaving the urea synthesis sec-
tion is treated in a scrubber operating at a reduced
pressure. Most of the ammonia and carbon diox-
ide left after this scrubbing are absorbed in a
carbamate solution coming from the downstream
low-pressure recirculation stage. As a result, no
additional water needs to be recycled to the
synthesis section, meaning that the urea forma-
tion reaction is not affected.

The low-elevation layout of the synthesis
section as well as the reduced-pressure inert
washing system are technologies that are proven
in revamp projects.

4.3.2.3. Snamprogetti Ammonia- and
Self-Stripping Processes [65–71]

In the first generation of NH3- and self-stripping
processes, ammonia was used as stripping agent.
Because of the extreme solubility of ammonia in
the urea-containing synthesis fluid, the stripper
effluent contained rather large amounts of dis-
solved ammonia, causing an ammonia overload
in downstream sections of the plant. Later ver-
sions of the process abandoned the idea of using
ammonia as stripping agent; stripping was
achieved only by supply of heat (‘‘thermal’’ or
‘‘self’’-stripping). Even without using ammonia
as a stripping agent, the NH3 : CO2 ratio in the
stripper effluent is relatively high, so the recir-
culation section of the plant requires an ammo-
nia–carbamate separation section, as in conven-
tional processes (see Fig. 24).

The process (see Fig. 25) uses a vertical layout
in the synthesis section. Recycle within the syn-
thesis section, from the stripper (h) via the high-
pressure carbamate condenser (f ), through the
carbamate separator (e) back to the reactor (b), is
maintained by using an ammonia-driven liquid–
liquid ejector (c) [67, 69]. In the reactor, which is
operated at 150 bar, an NH3 : CO2 molar ratio of
3.2–3.4 is applied. The stripper is of the falling
film type [70]. Since stripping is achieved ther-
mally, relatively high temperatures (200–
210 �C) are required to obtain a reasonable
stripping efficiency. Because of this high
temperature, stainless steel is not suitable asFigure 23. 3D artist impression of theAvancore urea process
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construction material for the stripper from a
corrosion point of view; titanium and other ma-
terials have been used (see Section 4.2.2) [47, 48].

Off-gas from the stripper is condensed in a
kettle-type boiler (f ) [68]. At the tube side of this
condenser the off-gas is absorbed in recycled
liquid carbamate from the medium-pressure re-
covery section. The heat of absorption is re-
moved through the tubes, which are cooled by
the production of low-pressure steam at the shell
side. The steam produced is used effectively in
the back end of the process.

In the medium-pressure purification and re-
covery section, typically operated at 18 bar, the

urea solution from the high-pressure stripper is
subjected to the decomposition of carbamate and
evaporation of ammonia (i). The off-gas from
this medium-pressure decomposer is partially
condensed in the shell of a preheater within the
evaporation section, thus recovering energy be-
cause steam is saved on the evaporation section.
The remaining off-gas and liquid formed are sent
to a distillation column (j). Liquid ammonia
reflux is applied to the top of this distiller (j); in
this way a top product consisting of pure gaseous
ammonia and a bottom product of liquid ammo-
nium carbamate are obtained. The pure ammonia
off-gas is condensed (k) and recycled to the urea

Figure 24. Functional block diagram of the Snamprogetti self-stripping process

Figure 25. Schematic of the Snamprogetti self-stripping process; Figure reproduced by permission of Snamprogetti
a) CO2 compressor; b) Urea reactor; c) Ejector; d) High-pressure ammonia pump; e) Carbamate separator; f) High-pressure
carbamate condenser; g) High-pressure carbamate pump; h) High-pressure stripper; i) Medium-pressure decomposer and
rectifier; j) Ammonia–carbamate separation column; k)Ammonia condenser; l) Ammonia receiver;m) Low-pressure ammonia
pump; n) Ammonia scrubber; o) Low-pressure decomposer and rectifier; p) Low-pressure carbamate condenser; q) Low-
pressure carbamate receiver; r) Low-pressure off-gas scrubber; s) First evaporation heater; t) First evaporation separator;
u) Second evaporation heater; v) Second evaporation separator; w) Wastewater treatment; x) Vacuum condensation section;
y) Preheater
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synthesis section. To prevent solidification of
ammonium carbamate in the rectifier, somewater
is added to the bottom section of the column to
dilute the ammonium carbamate below its crys-
tallization point. The liquid ammonium carba-
mate–water mixture obtained in this way is also
recycled to the synthesis section. The purge gas of
the ammonia condensers is treated in a scrubber
(n) prior to being purged to the atmosphere.

Upon special request, different washing sys-
tems have been designed by Snamprogetti and
installed in industrial plants. For the complete
abatement of the ammonia contained in the inerts,
in completely safe conditions with regards to the
risk of explosion, some flammable gas, as, for
instance, natural gas is added to the scrubber. The
amount of gas is chosen such that after the am-
monia has been eliminated, the composition of the
inerts is out of the explosive range because of the
excess of flammable gas. The washed inerts then
are sent to a burner together with the natural gas.

The urea solution from the medium-pressure
decomposer is subjected to a second low-pres-
sure decomposition step (o). Here, further de-
composition of ammonium carbamate is
achieved, so that a substantially carbamate-free
aqueous urea solution is obtained. Off-gas from
this low-pressure decomposer is condensed (p)
and recycled as an aqueous ammonium carba-
mate solution to the synthesis section via the
medium-pressure recovery section.

Concentrating the urea–water mixture ob-
tained from the low-pressure decomposer is per-
formed in a single or double evaporator (s–v),
depending on the requirements of the finishing
section. Typically, if prilling is chosen as the
final shaping procedure, a two-stage evaporator
is required, whereas in the case of a fluidized-bed
granulator a single evaporation step is sufficient
to achieve the required final moisture content of
the urea melt.

The process condensate obtained from the
evaporation section is subjected to a desorp-
tion–hydrolysis operation to recover the urea and
ammonia contained in the process condensate.

By the late 2000s, more then 100 plants have
been designed according to the Snamprogetti
ammonia- and self-stripping processes. The
maximum capacity of plants operating according
to the Snamprogetti process has reached nearly
4000 t/d. The licensor claims to be ready to
design 5000-t/d plants in a single line.

4.3.2.4. ACES Processes

The ACES (i.e., Advanced Process for Cost and
Energy Saving) process has been developed by
Toyo Engineering Corporation in the 1980s.
Shortly after the millennium change a second
generation of the process was announced under
the name ACES21 (Advanced process for Cost
and Energy Saving for the 21st century).

By 2010, some 15 plants are operating apply-
ing ACES process technology.

The Original ACES Process (Figs. 26, 27)
[34, 72, 73]. The synthesis section of the ACES
Process consists of a reactor (a), a stripper (d),
two parallel carbamate condensers (e), and a
scrubber (f ) – all operated at 175 bar.

The reactor is operated at 190 �C and an NH3 :
CO2 molar feed ratio of 4 : 1. Liquid ammonia is
fed directly to the reactor,whereas gaseous carbon
dioxide after compression is introduced into the
bottom of the stripper as a stripping aid. The
synthesis mixture from the reactor, consisting of
urea, unconverted ammonium carbamate, excess
ammonia, and water, is fed to the top of the
stripper. The stripper has two functions. Its upper
part is equippedwith trayswhere excess ammonia
is partly separated from the stripper feed by direct
countercurrent contact of the feed solution with
the gas coming from the lower part of the stripper.
This prestripping in the top is said to be required to
achieve effective CO2 stripping in the lower part.
In the lower part of the stripper (a falling-film
heater), ammoniumcarbamate is decomposedand
the resulting CO2 and NH3 as well as the excess

Figure 26. Functional block diagram of the ACES urea
process
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NH3 are evaporated by CO2 stripping and steam
heating. The overhead gaseous mixture from the
top of the stripper is introduced into the carbamate
condensers (e). Here, two units in parallel are
installed, where the gaseous mixture is condensed
and absorbed by the carbamate solution coming
from the medium-pressure recovery stage. Heat
liberated in the high-pressure carbamate conden-
sers is used to generate low-pressure steam in one
of the condensers and to heat the urea solution
from the stripper after the pressure is reduced to
about 19 bar in the shellside of the second carba-
mate condenser. The gas and liquid from the
carbamate condensers are recycled to the reactor
by gravity flow. The urea solution from the strip-
per, with a typical NH3 content of 12 wt%, is
purified further in the subsequent medium- and
low-pressure decomposers (i, j), operating at 19
and 3 bar, respectively. Ammonia and carbon
dioxide separated from the urea solution are re-
covered through stepwise absorption in the low-
and medium-pressure absorbers (h, k). Conden-
sation heat in the medium-pressure absorber is

transferred directly to the aqueous urea solution
feed in the final concentration section. In this final
concentration section (l), the purified urea solu-
tion is concentrated further either by a two-stage
evaporation up to 99.7% for urea prill production
or by a single evaporation up to 98.5% for urea
granule production. Water vapor formed in the
final concentrating section is condensed in surface
condensers (q) to formprocess condensate. Part of
this condensate is used as an absorbent in the
recovery sections, whereas the remainder is puri-
fied in the process condensate treatment section
by hydrolysis and steam stripping, before being
discharged from the urea plant.

The highly concentrated urea solution is final-
ly processed either through the prilling tower (o)
or via the urea granulator (p). Instead of concen-
tration via evaporation, the ACES process can
also be combinedwith a crystallization section to
produce urea with low biuret content.

The ACES21 Process [53, 63, 74–78]. Fig-
ure 28 shows the synthesis section of the

Figure 27. Schematic of the original ACES process
a) Urea reactor; b) High-pressure ammonia pump; c) CO2 compressor; d) Stripper; e) High-pressure carbamate condensers;
f) High-pressure scrubber; g) High-pressure carbamate pump; h)Medium-pressure absorber; i) Medium-pressure decomposer;
j) Low-pressure decomposer; k) Low-pressure absorber; l) Evaporators; m) Process condensate stripper; n) Hydrolyzer;
o) Prilling tower; p) Granulation section; q) Surface condensers
CW ¼ Cooling water
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ACES21 process, as it was introduced by Toyo
Engineering Corporation shortly after the mil-
lennium change. Liquid ammonia is fed to the
reactor via the high-pressure (HP) carbamate
ejector. In this ejector, the ammonia provides
the driving force for circulation in the synthesis
loop, whereas gravity flow was used in the origi-
nal ACES process. Most of the carbon dioxide
together with a small amount of passivation air is
fed to the stripper both as stripping medium and
raw material for urea production. The remaining
part of the carbon dioxide is fed to the reactor.
The reactor is operated at an N:C ratio of 3.7 at
182 �C and a pressure of 152 bar. The carbamate
solution from the condenser is pumped to the
reactor by the HP ejector. The urea synthesis
solution that leaves the reactor is fed to the
stripper, where unconverted ammonium carba-
mate is decomposed and excess ammonia and
carbon dioxide are separated by CO2 stripping
The stripped off-gas is recycled to the vertical
submerged carbamate condenser (VSCC). This
VSCC condenser is operated at an N:C ratio of
3.0, a temperature of 180 �C, and a pressure of
152 bar. It is materialized as a vertical submerged
condenser with the process on the shell side. This
ensures sufficient residence time for the liquid
phase, such that already some dehydration of
ammonium carbamate can take place in the

VSCC condenser. The reaction heat from the
ammonium carbamate formation is recovered to
generate a 5-bar steam on the tube side. A packed
bed is provided at the top of the VSCC to absorb
uncondensed ammonia and carbon dioxide vapor
into the recycle solution from the medium-pres-
sure absorption stage.

Figure 29 gives a schematic of the entire
ACES21 process. The urea solution from the
stripper is further treated in subsequent medi-
um-pressure and low-pressure decomposition
stages, and finally concentrated in the evapora-
tion stage up to a concentrated urea melt. These
process stages, including the medium-pressure
and low-pressure absorption stages as well as the
wastewater treatment section are similar to the
process stages as applied in the original ACES
process.

4.3.2.5. Isobaric Double-Recycle Process [31,
33, 79]

The isobaric double-recycle (IDR) stripping pro-
cess was developed by Montedison in the 1980s.
It is characterized by recycle of most of the
unreacted ammonia and ammonium carbamate
in two decomposers in series, both operating at
the synthesis pressure. A high molar NH3 : CO2

ratio (4 : 1 to 5 : 1) in the reactor is applied. As a

color

fig

Figure 28. Schematic of the synthesis part of the ACES21 process; Figure reproduced by permission of Toyo Engineering
Corporation
BFW ¼ Bioler feedwater; LP ¼ Low-pressure; MP ¼ Medium-pressure; VSCC ¼ Vertical submerged carbamate condenser
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result of this choice of ratio, the reactor effluent
contains a relatively high amount of noncon-
verted ammonia. In the first, steam-heated,
high-pressure decomposer, this large quantity of
free ammonia is mainly removed from the urea
solution. Most of the residual ammonia, as well
as some ammonium carbamate, is removed in the
second high-pressure decomposer where steam
heating and CO2 stripping are applied. The high-
pressure synthesis section is followed by two
lower-pressure decomposition stages of tradi-
tional design, where heat exchange between the
condensing off-gas of the medium-pressure de-
composition stage and the aqueous urea solution
to the final concentration section improves the
overall energy consumption of the process. Prob-
ably because of the complexity of this process, it
has not achieved great popularity. The IDR pro-
cess or parts of the process are used in four
revamps of older conventional plants.

4.3.3. Other Processes

Urea–Ammonium Nitrate (UAN) Produc-
tion. Mixtures of urea (mp 133 �C) and ammo-
nium nitrate (mp 169 �C) with water have a
eutectic point at �26.5 �C [80]. As a result

solutions with high nitrogen content can be made
with solidification temperatures below ambient
temperature. These mixtures, called UAN solu-
tions, are used as liquid nitrogen fertilizers.

UAN solutions can be made by mixing the
appropriate amounts of solid urea and solid
ammonium nitrate with water or, alternatively,
in a production facility specially designed to
produce UAN solutions. In this latter category
the Stamicarbon CO2-stripping technology is
especially suitable [81]. In a partial-recycle ver-
sion of this process, unconverted ammonia ema-
nating from the stripped urea solution and from
the reactor off-gas is neutralized with nitric acid.
The ammonium nitrate solution thus formed and
the urea solution from the synthesis section are
mixed to yield a product solutionwith the desired
nitrogen content (32–35 wt%) directly. Such a
plant designated for the production of UAN
solutions is cheaper than the separate production
of urea and ammonium nitrate in investment and
in operating costs, because evaporation, final
product shaping for both urea and ammonium
nitrate, andwastewater treatment sections are not
required.

Integrated Ammonia–Urea Production.
Both feedstocks required for urea production,

color
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Figure 29. Schematic of the ACES21 process; Figure reproduced by permission of Toyo Engineering Corporation
C.W.¼Coolingwater; HP¼High-pressure; LP¼Low-pressure;MP¼Medium-pressure; LPD¼Low-pressure decomposer;
STM ¼ Steam; SC ¼ Steam condensate
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ammonia and carbon dioxide, are usually ob-
tained from an ammonia plant. Since an ammo-
nia plant is a net heat (steam) producer and a urea
plant is a net heat (steam) consumer, it is normal
practice to integrate the steam systems of
both plants. Since both processes usually contain
a process condensate treatment section where
volatile components are removed by steam strip-
ping, the advantages of combining these sections
have been explored [82–84]. Several attempts for
further integration of mass streams of both pro-
cesses have been published [85–92]. Despite the
claimed reduction in both capital and raw mate-
rial cost, these highly integrated process schemes
have not gained acceptance mainly because of
their increased complexity.

4.4. Effluents and Effluent Reduction

4.4.1. Gaseous Effluents

There are potentially two sources for air pollution
from a urea plant: (1) gaseous ammonia emission
from continuous or discontinuous process vents,
and (2) urea dust and ammonia emissions from
the finishing section (prilling or granulation).

Continuous Gaseous Emissions from Pro-
cess Vents. Noncondensable gases enter the
urea process as contaminants in the raw materi-
als, as process air introduced for corrosion
protection, and as air leaking into the vacuum
sections of the process. At places where these
noncondensable gases are vented, proper mea-
sures should be taken to minimize ammonia
losses. The present state of the art allows reduc-
tion of these losses to <0.1 kg of ammonia per
ton of urea produced. This is realized by using
conventional absorption techniques. Special at-
tention is required to avoid explosive gas mix-
tures originating from combustibles (hydrogen,
methane) present in the carbon dioxide and am-
monia feedstocks, and the air introduced for
anticorrosion purposes [93]. Catalytic combus-
tion of the hydrogen present in carbon dioxide,
and dosing of nitrogen or excessive amounts of
combustibles have been suggested to avoid the
risks of formation of explosive gasmixtures [94].

Discontinuous Gaseous Emissions (Emer-
gency Relief). Ammonia is a toxic substance.

In a urea plant, relative large amounts of ammo-
nia are present under elevated temperature and
pressure. Engineering guidelines give guidance
on the requirements and sizing of emergency
relief systems, aimed at protecting the plant
under emergency conditions. Traditionally, am-
monia-containing gases from such emergency
relief systems (safety valves or rupture disks)
from urea plants have been directly discharged
into the atmosphere. Recently, this practice has
been criticized, both because of safety issues as
well as from environmental and nuisance points
of view.

It has been demonstrated that, proper engi-
neering provided, at least from a safety point of
view the traditional relief to safe the location is
acceptable [93]. In order to minimize environ-
mental pollution and to avoid nuisance from
ammonia smell, systems that absorb the ammo-
nia released under emergency conditions into
large amounts of water have been built [93]. As
an alternative, flare systems to cope with the
emergency relief of large quantities of ammonia
also have been built. However, from an environ-
mental point of view the use of such flare systems
has been criticized because flaring results in a
negative CO2 footprint from burning the required
support gas and in negative environmental ef-
fects because ofNOx formation in the flare. These
negative aspects may well outweigh the environ-
mental advantages of ammonia flaring [95].

Gaseous Emissions from the Finishing Sec-
tion (Prilling/Granulation). In the prilling
processes, urea dust is produced, mainly from
evaporation and subsequent sublimation of urea,
but also partly via a chemical mechanism: for-
mation of ammonia and isocyanic acid in the urea
melt, evaporation of these components, followed
by sublimation of this ammonia–isocyanic acid
mixture to form urea dust in the colder air. Urea
dust formed in this way is typically very fine
(0.5–2 mm). Removal of this fine urea dust from
the prilling tower exhaust gas is a technical
challenge. Because of the small particle size, dry
cyclones cannot be used. Instead, wet impinge-
ment type devices have proved successful in
removing a major part of the dust from the air.

Many new urea plants use granulation instead
of prilling as the finishing technique. The main
purpose is to improve the size and strength of the
product, but less difficulty in controlling dust
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emissions is also an advantage. The dust pro-
duced in these granulation devices (fluidized-bed
granulation or drum granulation) is typically
much coarser than the fume-like dust produced
in a prilling tower.

This results basically from the much shorter
contact time of liquid urea with air. Because of
the coarser dust and the smaller air quantities to
be handled, wet scrubbers provide adequate and
much simpler dust emission control for granula-
tion units compared to the apparatus required for
emission control in prilling.

Besides dust, the air that leaves the prilling/
granulation unit also contains ammonia. This
ammonia partially originates from ammonia still
dissolved in the ureamelt leaving the evaporation
unit. Additional ammonia is formed together
with biuret in the transport line between the
evaporation and the granulation/prilling opera-
tion. In the granulation/prilling operation the
urea melt, containing the formed ammonia, is
contactedwith a large amount of cooling air. As a
result of this excess amount of air, nearly all of
the ammonia dissolved in the urea melt will be
transferred into the air. The air leaving the pril-
ling/granulation unit therefore typically contains
0.5–1.0 kg of ammonia per ton of urea processed
in the prilling/granulation unit. Although the
ammonia concentration in this large amount of
air is rather low, it should be recognized that the
absolute amount of ammonia discharged is about
one order ofmagnitude higher as compared to the
continuous ammonia emissions from the other
sections of a urea plant (synthesis, decomposi-
tion, etc., see Section 4.4.1). Measures to reduce
the ammonia emission from prilling/granulation
tend to be costly. The high costs for such a
reduction are mainly caused by the large amount
of air to be treated and the low ammonia concen-
tration in the granulation/prilling off-gas, which
makes washing with water ineffective. Instead,
washing with diluted acid has been proposed and
practiced in some plants [95].

Whereas washing with diluted acid can be an
effective way to reduce the ammonia content of
the prilling/granulation off-gases, it also creates
another problem: ‘‘What to do with the ammonia
salt solution that is produced in this way?’’
Several answers to this question have been pro-
posed, either aiming at turning the ammonia salt
into a profitable coproduct [96], or aiming at
converting the salt into components that can be

recycled in the urea process [97, 98]. Finally, it
has been suggested that (partial) recycle of the air
used in the prilling/granulation might contribute
to solving this ammonia emission problem [99].

4.4.2. Liquid Effluents

The process condensate produced from the evap-
oration or crystallization sections of the plant
contains 3–8 wt% ammonia and 0.2–2 wt%
urea. Two techniques are known to remove these
pollutants:

1. Biological treatment [100–102]
2. Chemical hydrolysis and steam stripping to

remove ammonia from the condensate

Biological treatment seems to have gained
only slight acceptance. The method involving
chemical hydrolysis and steam stripping recycles
urea (in the form of ammonia) and ammonia to
the synthesis section for the production of urea,
whereas with biological treatment the urea and
ammonia present in the feed to wastewater treat-
ment are lost to urea production. Several chemi-
cal hydrolysis and steam-stripping systems are
described below.

Stamicarbon System. In the Stamicarbon
system [103] first the bulk of ammonia is removed
by pre-desorption of the process condensate, fol-
lowed by hydrolysis of the urea with steam at
170–230 �C to formammonia and carbon dioxide
via ammonium carbamate. The hydrolyzer is a
vertical bubble-washer column, operated in coun-
tercurrent with respect to gas and liquid flow.
Ammonia remaining in the process condensate is
then removed by further steam stripping (desorp-
tion). Since both the pre-desorber and the deso-
rber operate at low pressure (1–5 bar), low-pres-
sure steam as produced in the urea synthesis
section can be used as stripping agent. The com-
bination of pre-desorption and countercurrent
operation of the hydrolyzer ensures that the chem-
ical equilibrium of the hydrolysis reaction does
not limit the minimum achievable urea content in
wastewater to concentrations <1 ppm. Also, the
remaining NH3 concentration is <1 ppm.

Snamprogetti System. The Snamprogetti
system [104] also includes a system of pre-
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desorption, hydrolysis, and final desorption with
steam stripping. In this process, however, the
hydrolyzer is built as a horizontal column with
cross-flow operation with respect to gas and
liquid flow. Hydrolysis is carried out at some-
what higher temperature (230–236 �C) and
pressure (33–37 bar) than in the Stamicarbon
process. Also, this process claims minimum
achievableNH3 and urea concentrations<1 ppm
in the liquid effluent.

Toyo Engineering Corporation also offers
a system of pre-desorption and hydrolysis, fol-
lowed by final desorption, as part of its ACES and
conventional urea processes. Urea and ammonia
concentrations <5 ppm in the effluent are
claimed.

Other Systems. Some systems have been
proposed [82–84] in which the wastewater treat-
ment sections of the urea and ammonia plants are
combined. Like the systems described above,
they also remove urea by hydrolysis to ammonia
and carbon dioxide, which are subsequently re-
moved by transferring them into a steam-contain-
ing gas phase. The principal difference between
these systems and the aforementionedmethods is
that the ammonia and carbon dioxide produced
are recycled to the ammonia plant reforming
system, rather than to the urea synthesis section.

4.5. Product-Shaping Technology

4.5.1. Prilling

For a long time, prilling has been used widely as
the final shaping technology for urea. In prilling
processes, the urea melt is distributed in the form
of droplets in a prilling tower. This distribution is
performed either by showerheads or by using a
rotating prilling bucket equipped with holes.
Urea droplets solidify as they fall down the
tower, being cooled countercurrently with up-
flowing air. The prilling process has several
drawbacks:

1. The size of the product is limited to a maxi-
mum average diameter of about 2.1 mm.
Larger-size product would require unecono-
mically high prilling towers; moreover, larger
droplets tend to be unstable.

2. Very fine dust is formed in the prilling process
(see Section 4.4). Removal of this dust is a
technically difficult and expensive operation.

3. The crushing strength and shock resistance of
prills are limited, making the prilled product
less suitable for bulk transport over long dis-
tances. This problem can be to some extent
overcome with appropriate techniques to im-
prove the physical properties, such as seeding
[105] to improve shock resistance or addi-
tion of formaldehyde to improve crushing
strength, and to suppress the caking tendency.
Despite these measures, prills are generally
regarded as unsuitable for bulk transport over
long distances because of their caking tenden-
cy and lack of sufficient strength.

4.5.2. Granulation

[34, 106–108]. The drawbacks of prilling have
initiated the development of several granulation
techniques. These techniques deviate from the
prilling technique in that the urea melt is sprayed
on granules, which gradually increase in size as
the process continues. The heat of solidification
is removed by cooling air or, for some granula-
tion techniques, evaporation of water. Since the
contact time between liquid urea and air in these
processes is much lower than in prilling, the dust
formed in granulation processes is much coarser;
therefore, it can be removed much more easily
from the cooling air.

All granulation processes require the addition
of formaldehyde or formaldehyde-containing
components. Also common to all granulation
techniques is that they yield products with larger
diameters compared to prilling techniques. How-
ever, their capabilities in this respect differ to
some extent.

Although the improvements brought about by
granulation are beyond doubt, prilling techniques
still have a place because of the lower investment
and lower variable costs associated with prilling
compared to granulation.

Drum and Pan Granulation Systems.
Drum granulation systems have been developed,
for example, by C & I Girdler [107, 109], Kal-
tenbach–Thuring [110], and Montedison [111].
Pan granulation processes have also been devel-
oped, for example, by Norsk Hydro and the
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Tennessee Valley Authority (TVA). The indus-
trial application of granulation started with drum
granulation systems in the 1960s and 1970s.

Spouted-Bed and Fluidized-Bed Granula-
tion Techniques. In the late 1970s and 1980s,
fluidized-bed granulation technologies for urea
were developed, following the success of this
technology for other applications. Fluidized-bed
granulation then soon took over the granulation
market for new urea projects and revamps, main-
ly because of the larger single-line capacity that
can be achieved by using fluidized-bed granu-
lation.

The UFT fluidized-bed granulation technolo-
gy (Figs. 30 and 31) [110] has been developed
by NSM/Hydro Agri/Yara in the late 1970s. In
2005, Uhde Fertilizer Technology (UFT) ac-
quired the unlimitedworldwide license tomarket
this technology.

The UFT urea fluid-bed granulation technol-
ogy is based on a urea solution concentration of
96% to preferably 97%, which can be obtained
from the evaporation section in the urea synthesis
plant. The urea solution is sprayed, assisted by

atomization air, upwards into a fluid bed of urea
particles. The granules grow by accretion of the
sprayed droplets on the surface while moving to
the granulator outlet. Thereafter, they are cooled

Figure 30. Schematic of the UFT fluidized-bed granulation; Figure reproduced by permission of Uhde Fertilizer Technology

Figure 31. 3D artist impression of a plant using the UFT
fluidized-bed granulation technology; Figure reproduced by
permission of Uhde Fertilizer Technology
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and screened.On-size granules are sent to storage
after cooling down to storage temperature,
whereas under- and crushed oversized particles
are recycled into the granulator.

Formaldehyde is used as a granulation additive
to facilitate the granulation process and to im-
prove the storage behavior of thefinished product.

All air exhausts from the granulator and fluid-
bed coolers are efficiently scrubbed before vent-
ing to the atmosphere. This ensures that plant
operators can comply with the most stringent
environmental regulations for urea dust and for
ammonia by a careful selection of the scrubbing
systems.

The process claims an excellent product qual-
ity, at low investments and operating costs com-
bined with a low recycle ratio, only designed to
balance the reseeding by crushed oversize and to
stabilize the particle distribution by a reasonable
fraction of fines. Large single-stream plants up to
4000 t/d can be built. Low dust and ammonia
emission can be achieved, enhanced by the use of
an additive and in combination with an efficient
industrially proven scrubbing system.

The Stamicarbon Fluidized-Bed Granulation
Technology (Fig. 32) [110, 112, 113] was de-
veloped in the early 1980s. The distinguishing
feature of this process, as compared to the other
fluidized-bed granulation technologies, is the
application of film spraying in the granulator.
A large number of these ‘‘film’’ sprayers is
located in the bottom fluidization plate of a
fluidized bed. The design of the sprayer takes
care of a thin conical-shaped film of urea melt on

top of the sprayer. High-velocity hot air is sup-
plied through an annulus surrounding the sprayer
at a short distance from the conical film. This
secondary air creates a zone with a slight under-
pressure, throughwhich urea granules are sucked
from the fluidized bed through the liquid film. At
each passage, a granule is covered by a thin layer
of urea melt, which solidifies on the granule
surface and makes it grow in size. Application
of this film-spraying concept assures that the dust
formation from the granulation process is mini-
mized, resulting in long uninterrupted run-
lengths, as well as low recycle from the granula-
tion section back to the urea plant evaporation
section. The product leaving the granulator is
subjected to a screening operation. Undersize
and crushed oversize products from the screening
operation are recycled to the granulator. The on-
size fraction of the product stream is, after cool-
ing, sent to storage.

The process claims an excellent product qual-
ity, in combination with low formaldehyde con-
sumption and long uninterrupted run length.

The Toyo Spouted-Bed Granulation Technol-
ogy (Fig. 33) [110]. Urea solution, after mixing
with the required formaldehyde, is pumped into
the granulator. In the granulator, a fluidized bed
of granules is maintained through the supply of
fluidization air. A second supply of air to the
granulator (surrounding each urea melt sprayer;
not shown in Fig. 33) creates spouts in this
fluidized bed, in which the urea melt is intro-
duced and where the granules grow in size by
contact with the urea melt. The granulator oper-
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Figure 32. Film spraying as applied in the Stamicarbon fluidized-bed granulation technology
A) Picture of the film sprayer; B) The principles of film spraying
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ates at a temperature of 110–115 �C. There is an
aftercooling section inside the granulator where
the enlarged urea granules are cooled to about 90
�C before they are transported to the screening
section, where the granules are separated into
three size fractions. On-size granules are further
cooled below 60 �C in the product cooler before
being sent to storage. Oversized granules are
crushed and recycled to the granulator together
with the undersize product. Dust entrainment
from the granulator is kept to a minimum by
careful control of the conditions in the spouted
beds. The exhaust air from the granulator and
from the product cooler is scrubbed with water in
the dust scrubber. The urea recovered in this dust
scrubber, approximately 3–4% of the production,
is recycled to the urea plant as a 45-wt% urea
solution. The process claims an excellent product
quality, combined with high energy efficiency.
Low electricity consumption for the process is
also stated since no atomization air is required and
since low-pressure drop scrubbers are installed.

4.5.3. Other Shaping Technologies

In the 2000s, some new shaping technologies
have made some cautious initial steps into the
urea market: pastillization and compression.

Pastillization [114]. After successful appli-
cations for other products, Sandvik Process Sys-
tems and Stamicarbon entered into the urea final
shapingmarket with the Rotoform technology. A
Rotoform unit consists of a continuously moving
endless steel belt, with a drop-former feeding
device at one end and a scraper at the discharge
end. Highly concentrated urea melt is fed to the
drop former, which places individual drops of
ureamelt on the steel belt. The steel belt is cooled
from the bottom side by cooling water in order to
remove the heat of crystallization from the urea
melt. At the end of the belt, the scraper removes
the pastilles from the belt. The pastilles are sent to
storage. Single-line capacity for this technology
at present is limited to about 175 t/d; higher
capacities, of course, can be achieved by instal-
lation of parallel lines. The typical shape of
pastilles is different from the traditional (spheri-
cal) prilled or granulated product. Field trials for
application as fertilizer of this differently shaped
product have been carried out, and enthusiasm of
the end users has been claimed [115, 112].

Compression. The use of urea supergra-
nules, especially for ureawetland rice fertilization
(see Chap. 5), is growing in popularity. These
supergranules at present are mainly produced
through small-scale compaction (compression)

color
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Figure 33. Schematic of the TEC spouted-bed granulation technology
(Figure reproduced by permission of Toyo Engineering Corporation)
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devices at local farmers’ communities using nor-
mal prills or granules as starting materials.

4.6. Revamping Technologies

Since around 2000, revamping of existing urea
plants has grown rapidly in popularity. The term
‘‘revamping’’ is generally used for improve-
ments to existing plants. The purpose of such a
revamp may be divers, but usually at least in-
crease of the production volume is targeted
(‘‘debottlenecking’’). As further targets improve-
ment of product quality, reduction of feedstock
and energy consumption, or reduction of the
environmental footprint of the plant may be
aimed at.

For urea technology, some companies worked
out and commercialized technologies especially
suitable for application in a revamp of existing
urea plants:

Stamicarbon offers a number of revamp
technologies (Table 2):

1. The ‘‘more in more out’’ method [116–118]
basically involves maximizing the capacity
utilization of the high-pressure equipment,
with due consideration to the operational flex-
ibility of the plant after the revamp. No major
modifications are required for the high-pres-
sure equipment. In the low-pressure section of
the plant additional evaporation, condensa-
tion, and recycle capacity is required. Howev-
er, these modifications to the low-pressure
equipment do not require high investment.

2. The ‘‘mega concept’’, also referred to as ‘‘add-
on system’’ [52, 53, 116, 117, 119]. In this
concept the urea synthesis solution from the
reactor partially bypasses theHP stripper. The
portion of the solution that bypasses the HP
stripper is treated either in a new, parallel
stripper, or in a new, relatively small medium-
pressure recirculation stage. The concept not

only allows for debottlenecking of an existing
plant, it also paves the road for large-scale
grass-root urea plants (5000 t/d or more).

3. The pool-condenser revamp [116, 117].Many
older plants are equipped with high-pressure
carbamate condensers of the falling-film type.
By replacing this carbamate condenser by a
pool condenser, two targets are achieved si-
multaneously: Firstly, the condensation ca-
pacity in the synthesis section is increased,
and secondly the reaction volume is increased
too, thus unloading the existing reactor.

UreaCasale also offers a number of revamp
technologies:

1. The Casale–Dente high-efficiency reactor
trays [116, 117, 120]. These new trays for
implementation in urea reactors are made up
of inverted U beams with special perforations
for liquid and gas passage. With this novel
design an increase of the specific surface for
mass and heat transfer is claimed, together
with an improved mixing efficiency. As a
result, an improved conversion in the urea
reactor is realized.

2. The high-efficiency combined (HEC) urea
process [116, 121–127]. In the HEC process,
two urea reactors are placed in parallel. One
reactor operates according to the ‘‘once-
through’’ concept (no carbamate recycle),
whereas the second reactor takes care of the
recycle carbamate. For revamps, the basic
idea is to install this once-through reaction
line in parallel to the existing plant. The new,
combined, reactor(s) efficiency is claimed to
be better than the original efficiency.

3. The vapor-recycle urea process (VRS) [117,
128–133]. The VRS concept involves adding
a new decomposition section. The recycle
carbamate from the low-pressure and/or me-
dium-pressure recirculation stages is treated
in the new decomposition stage. The resulting
vapors, rich in ammonia and carbon dioxide
are sent to the synthesis section, whereas the
purified solution is returned to the back end of
the plant. As a result, the amount of water
recycled to the reactor is reduced, and, con-
sequently, a higher reactor conversion can be
achieved.

4. The ‘‘split-flow loop’’ concept [63, 134–137].
In this concept, which can be applied in plants

Table 2. Some revamp options offered by Stamicarbon

Concept type Typical capacity increase

More in more out 10–25%

Mega plant technology 30–40%

Double stripper 35–45%

Pool condenser 40–100%
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with an HP carbamate condenser of the fall-
ing-film type, the existing condenser is chan-
ged from falling film into ‘‘bubble flow’’. This
change reduces the resistance against mass
transfer and thus increases the condensation
capacity of the existing condenser. In order to
operate the HP loop with this modified con-
denser, it is necessary to modify some piping
in the synthesis section. Also a new ammonia
ejector has to be installed, and part of the
stripper off-gases has to be rerouted directly to
the reactor. It is claimed that the urea synthe-
sis capacity in this way can be increased up to
50% over its original capacity.

Snamprogetti offers a revamp concept that
combines energy saving and increased produc-
tion capacity through a system of ammonia and
carbamate preheaters that allows a load shift
from the stripper to the medium-pressure and
low-pressure recicrculation sections [116].

ToyoEngineeringCorporation carried out
a number of revamping projects using theirACES
and/or ACES21 technology (see Section 4.3.2.4)
[53].

NIIC. Also, the Russian company NIIC of-
fers a number of revamp technologies, such as
improvements to distillation column trays, heat-
exchange options between decomposer off-gases
and evaporator, and improved internals for high-
pressure urea equipment like reactor, carbamate
condenser, and stripper [138, 139].

5. Forms Supplied, Storage, and
Transportation

Forms Supplied. Urea may be supplied ei-
ther in solid form or as a liquid.

The solid forms are generally classified as
granular or prilled products, because of the dif-
ferences in handling properties. Prilled product is
considered less suitable for bulk transportation
because prills have lower crushing strength, a
lower shock resistance, and a higher caking
tendency than granules. Because of this, prilled
products are usually marginally cheaper than
granulated product. Granulated product usually
also has a larger diameter (2.0–2.5 mm) than
prills (1.5–2.0 mm), making granules more suit-

able for bulk blending to produce compound
fertilizers.

For liquid compound fertilizers, urea is a
favorite ingredient. It is generally used in com-
bination with ammonium nitrate as an aqueous
solution to obtain liquids containing 32–35 wt%
nitrogen. These solutions are designated as
UAN-32 to UAN-35.

As compared to urea in solid form, globally
UAN is just a small market. The UAN use is
minor in countries that are developing their
agriculture. UAN competes effectively against
urea in solid form in countries with well devel-
oped agricultural technologies, such as the Unit-
ed States and Western Europe [140–142].

A relative new, yet fast growing, market is
the application of aqueous urea solutions called
AdBlue in selective catalytic reduction (SCR)
technology. The aim is the reduction of NOx and
particulate matter from exhaust of diesel en-
gines. Both in Europe as well as in the United
States a fast growing number of trucks are using
SCR to clean their exhaust. A distribution net-
work for AdBlue is rapidly developing on both
sides of the ocean. It is anticipated that the rest
of the world soonwill follow this trend under the
pressure of growing environmental concern
[19, 20].

The SCR technology, using urea as reducing
agent, is also applied for NOx reduction in the
combustion off-gases of large industrial boiler
and furnace installations [21].

Special Grades. The majority of urea is
designated as ‘‘fertilizer grade’’; however, some
special forms have found limited application:

Technical Grade. Technical-grade urea
should be without additions; color, ash-, and
metal content are sometimes also specified. For
urea used to produce urea–formaldehyde resins,
its content of pH-controlling trace components is
important. Because of this, technical-grade urea
at present is mostly traded as a performance
product, rather than being bound to narrow spec-
ification limits. The fitness of the product for use
is judged by application-specific tests.

Low-Biuret Grade. A maximum biuret con-
tent up to 1.2 wt% is considered acceptable for
nearly all fertilizer applications of urea. Only for
the relative small market segment of foliar spray

688 Urea Vol. 37



to citrus crops is a lower biuret content (max.
0.3%) desirable.

Feed Grade. Some urea is also used directly
as a feed component for cattle. Urea used for this
purpose should be free of additions. Feed-grade
urea is supplied in the form of microprills with a
mean diameter of about 0.5 mm.

Slow-Release Grades. Studies show that on-
ly 30–60% of fertilizer nitrogen applied to soil is
usually recovered by crop plants. Several at-
tempts have been made to increase this percent-
age by slowing the release of fertilizer to the
ground via coating or additions [143, 144].

Urea Supergranules. Granulated product
with a very large diameter (up to 15 mm) has
found limited application for deep placement in
wetland rice [144–146] and forest fertilization.
A higher efficiency of the nitrogen fixation by
the plants in these applications has been
demonstrated.

Storage. The shift from bagged to bulk
transport and storage of prilled and granulated
urea has called for warehouse designs in which
large quantities of urea can be stored in bulk.
These warehouses should be designed in such a
way that the product suffers little degradation.
Degradation may result from: (1) segregation of
fines; (2) disintegration; and (3) absorption, loss,
or migration of water.

Segregation of Fines can be avoided through
uniform product spreading during pouring. Dis-
integration can be minimized by:

1. Providing the product pouring system with a
pouring height adjuster

2. Design of ‘‘product-friendly’’ reclaiming sys-
tems, because reclaiming the product by
means of payloaders and tractor shovels in-
variably leads to product disintegration

Caking and subsequent product disintegration
at unloading are known to result from water
absorption. What is not commonly known, how-
ever, is that excessive drying of the product
during storage also leads to a higher caking
tendency and that migration of water from warm
product in the bulk of a pile to the cold surface

leads to crust formation. Thus, attempts to de-
crease water absorption through refrigeration or
air conditioning, dehumidification, or space heat-
ingmay cause the air in the warehouse to become
too dry or may result in too great a temperature
difference between the product and the surround-
ing air. Instead, the warehouse (especially the
roof) should be airtight and thoroughly insulated.
The caking tendency of urea can be reduced by
addition of small amounts of formaldehyde (up to
0.6 wt%) to the urea melt or by addition of
surfactants to the solid product [147].

Transportation. Urea prills and granules are
transported by bulk transport in trucks, ships, rail
cars, etc. Towithstandnumerous and rapid loading
and unloading operations, product for bulk trans-
port should have a high initial physical stability.
Great demands are made, especially on the shock
resistance of the product, e.g., at seaport loading
and unloading facilities. In addition, a number of
‘‘good housekeeping’’ rules should be adhered to:

1. Do not load or unload if the relative humidity
of the air is above the critical relative humidi-
ty (CRH) of urea (see Chap. 2). Certainly do
not load or unload during rain.

2. Make sure that the means of transport is clean
and dry.

3. Close the ship’s hold when rain is imminent.
4. Do not replace the air above the product or

ventilate the holds.
5. Cover the product (e.g., by polyethylene

sheeting) during prolonged transport.
6. Product should be spread rather then poured

solely from one point to prevent dust coning
due to segregation.

7. Restrict the pouring height to avoid unneces-
sary disintegration.

The final distribution of urea to the individual
farmers is usually done in bags. Both 40 kg as
well as 50 kg bags are commonly used. The
bagging of the product is usually performed at
regional warehouses; to a minor extend also
some bagging directly at the urea production
facilities is practiced, mainly to serve local mar-
kets near the production facilities.

Liquid Fertilizer Transport. Liquid ferti-
lizers are transported by tank cars, railway tanks,
ships, and pipelines. Although liquid fertilizer is
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generally accepted as the most economic form to
distribute over land, the solid form is still the
most popular by far. Distribution of large quan-
tities of liquid fertilizer requires a complex in-
frastructure and is limited at present to large farm
units in developed countries. Transport and stor-
age of UAN solutions in carbon steel lines and
tanks require the addition of a corrosion inhibitor
to the solution.

6. Quality Specifications and Analysis

Typical quality specifications for fertilizer-grade
urea are summarized in Table 3. The capabilities
of a modern urea plant are better than the typical
trade data given in this table.

The total nitrogen content is usually deter-
mined by digesting urea with sulfuric acid to
yield ammonium sulfate. The ammonia con-
tent is then determined by distillation and
titration. Alternatively, the total N content
may be determined by the Kjeldahl method
or by using a method based on hydrolyzing
urea with urease followed by titration of the
ammonia formed.

Thewater content is determined by titration of
water with Hydranal composite 5 K titrant, using
biamperometric detection of the titration end-
point, with a Pt/Pt electrode.

Biuret. In an alkaline medium, biuret reacts
with copper(II) sulfate to form a violet complex
compound. Excess of copper is kept in solution
by means of potassium sodium tartrate. The
extinction of the colored solution is measured at
a wavelength of 550 nm.

Crushing Strength is defined as the force
required per unit cross-sectional area of a
granule to crush the granule or, if it is not crushed,

the force at which it is deformed by 0.1 mm. A
single granule is subjected to a force that is
increased at a constant rate, the force at breakage
(or at 0.1-mm deformation) being recorded.

The shock resistance of granules is defined as
the weight percentage of a sample that is not
crushedwhen subjected to a specified shock load.
To determine shock resistance, a sample of prills
or granules is shot against a metal plate by means
of compressed air under normalized conditions.
The amount of nondamaged product that remains
after the test is determined.

The granulometry of the product is measured
by conventional sieve techniques.

7. Uses

Urea is used for soil and leaf fertilization (more
than 90% of the total use); in the manufacture of
urea–formaldehyde resins; in melamine produc-
tion; as a nutrient for ruminants (cattle feed); as a
reducing agent in SCR technology for NOx re-
duction in off-gases from combustion processes;
and in miscellaneous applications.

Soil and Leaf Fertilization. Urea contains
46% of nitrogen. Nitrogen is the most important
plant nutrient for crop production. It is an impor-
tant building block in almost all plant structures.
Nitrogen occupies a unique position as a plant
nutrient because rather high amounts are required
compared to the other essential nutrients. It sti-
mulates root growth and crop development as
well as the uptake of the other nutrients. There-
fore, plants usually respond quickly to nitrogen
addition to the soil [23].

Worldwide, urea has become the most impor-
tant nitrogenous fertilizer. Urea has the highest
nitrogen content of all solid nitrogenous fertili-
zers; therefore, its transportation costs per ton of
nitrogen nutrient are lowest.

Being one of the world’s most important
fertilizers, urea plays an important role in secur-
ing the worldwide food supply. Whilst this posi-
tive contribution to human welfare is no subject
to discussion, we should not close our eyes for
some negative aspects on the intensive use of
mineral fertilizers in modern agriculture: In the
application of nitrogenous fertilizers, like urea,
the efficiency of nitrogen usage by crops is
limited. Typical values in the 30–60% range are

Table 3. Typical product specifications for fertilizer-grade urea

Specification Prilled product Granulated product

Nitrogen content, wt% min. 46 min. 46

Biuret content, wt% max. 1 max. 1

Water content, wt% max. 0.3 max. 0.25

Crushing strength, bar 20–25 30–60

Shock resistance, wt% min. 85 100

Product size

1.0–2.4 mm, wt% 90–95

1.6–4.0 mm, wt% 95
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reported for the amount of nitrogen taken up by
the crops. The remainder of the applied nitrogen
is lost through processes as leaching and volatili-
zation. Not only does this reduce the efficiency of
the farming process; it also may significantly
influence the bioenvironment of waters and soils.
For instance, excess nitrogen may result in trou-
blesome algal blooms with depletion of oxygen
in natural rivers, lakes, and seas [148].

Options to reduce these nitrogen losses into
the environment include:

1. Improvement of farming management and
education to farmers on fertilizer application.
Farming technologies that have proven their
effectiveness in developed countries need to
be transferred to countries that are still devel-
oping their agriculture. This transfer of tech-
nology is a challenging task, the more since in
many developing countries agriculture typi-
cally is a small-scale economic activity, in-
volving a large number of individuals [149].

2. Application of slow-release fertilizers (see
Chap. 5) [144]

3. Use of supergranules or other deep-placement
technologies (see Section 4.5) [150, 146]

Urea is highly soluble in water and thus very
suitable for use in fertilizer solutions (e.g., ‘‘foliar
feed’’ fertilizers). Most fertilizer applications use
urea directly in its commercially available form.
On a smaller scale, some urea is also used as a raw
material for the production of compound fertili-
zers. Compound fertilizers may be produced by
mixing in urea melts or urea solutions before
shaping the compound fertilizers or by mixing
solid urea prills or granules with other fertilizers
(bulk blending). In the latter case, the product
sizes must match to prevent segregation of the
products during further handling. In the produc-
tion of compound fertilizers, care must be taken
to assure compatibility of the ingredients used.
For instance, mixtures of urea and ammonium
nitrate are extremely sensitive for caking and
therefore should be avoided in compound fertil-
izer formulations.

Urea–Formaldehyde Resins (! Amino
Resins, Section 7.1). A significant proportion of
urea production is used in the preparation of
urea–formaldehyde resins. These synthetic re-
sins are employed in the manufacture of adhe-

sives, molding powders, varnishes, and foams.
They are also used to impregnate paper, textiles,
and leather.

Melamine Production. At present, nearly
all melamine production is based on urea as a
feedstock (! Melamine and Guanamines).
Since ammonia is formed as a coproduct in
melamine production from urea (see Chap. 1),
integration of the urea and melamine production
processes is beneficial.

Feed for Cattle and other Ruminants.
Because of the activity of microorganisms in
their cud, ruminants can metabolize certain ni-
trogen-containing compounds, such as urea, as
protein substitutes. In the United States this
capability is exploited on a large scale. In West-
ern Europe, by contrast, not much urea is used in
cattle feed.

Reducing Agent in SCR Technology. The
use of urea as a reducing agent in SCR technolo-
gies to reduce the amount of NOx in off-gases
from combustion processes forms a rapidly
growing market (see Section 5).

Other Uses. On a smaller scale, urea is
employed as a raw material or auxiliary in the
pharmaceutical industry, the fermenting and
brewing industries, and the petroleum industry.
It is also used as an ingredient in printer ink
formulations. Finally, urea is used as a solubiliz-
ing agent for proteins and starches, and as a
deicing agent for airport runways.

8. Economic Aspects

The growth in the recorded demand for urea in
the period from 1990 to 2010 was slightly more
than 3% per year (Fig. 34). The total worldwide
demand for urea in 2010 crossed the border of
150�106 t/a. Most of the growth occurred in
Asia, with China and India in the lead. A little
more than 7% of the worldwide demand for urea
is from industry, in which Europe takes a leading
role, ahead of North America and the industrial-
ized countries of Asia.

The worldwide installed capacity in this peri-
od showed a similar growth, keeping it some 10–
20 % ahead of the recorded demand (Fig. 34).
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Both the demand and the installed capacity fig-
ures represented here may be biased to some
extent since reliable figures for China seem
unavailable, whereas China is a major producer,
at the same time providing a large consumption
market.

There are some speculations indicating a fas-
ter growth in the 2010s as compared to the
historical 3 % figure. A strong growth in the
application of urea in deNox for automotive
diesel engines is expected (see Section 5). More-
over, it can be anticipated that the increased
demand for biofuels also could result in an
increased demand for fertilizer. At the time of
writing (2010) it is however still too early to see
whether these speculations on accelerated
growth will come true.

A good indication for urea price is given by
the price trend of urea granules, as it is recorded
for large-volume trading from producers in the
Arab Gulf area (Fig. 35). In the period from 1990
to 2005 this urea price has been fluctuating in the
range of $100–200. Fluctuations in this period
did mainly result from balancing supply and
demand, whereas also the fluctuating gas price
played a role. Starting from 2006, the urea price
started to rise sharply, sky-rocketing up to un-

precedented heights by 2008, where peak values
of up to 900$ per ton were recorded. This 2008
price peak was partially caused by the rising gas
price, however, it mainly seemed to be of a
psychological nature, incited by an anticipated
fear for shortage in supply. The big, worldwide,
economic crisis that followed in 2009 resulted in
a sharp drop in urea prices as well. At the
beginning of 2010 the urea price seems to stabi-
lize somewhere around $250–300 per ton. Pre-
dictions of future developments of urea prices
require a reliable crystal ball. Where such a
device is lacking, predictions are highly
speculative.

Large volumes of prilled urea, mostly origi-
nating from Russian and Ukraine producers, are
traded at the Black Sea harbor of Yuzhnyy.
Prilled product sometimes trades at a lower price
as compared to the granular product. In times of
product shortage (high prices), this price differ-
ence tends to disappear completely, whereas in
periods of product surplus (low prices) the gran-
ular product is traded at a price up to $15 per ton
higher as compared to the prilled product.

To cope with tough competition on the world
market, producers have the tendency to build
plants with very high single-line capacities

Figure 34. Urea demand and installed capacity from 1990 to 2010
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(4000 t/d or more), in which operating reliability
is of extreme importance. Uninterrupted operat-
ing periods of more than two to three years are
often achieved.

Furthermore, producers are increasingly shift-
ing production facilities (both new plants and
relocations) to places where natural gas is plen-
tiful and cheap. Europe and the United States
seem to have lost their competitive edge in export
markets because of their expensive feedstocks.
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