Chapter 13

Basic Chemicals Product_Design Case Studies

130 OBJECTIVES

This chapter provides case studies to illustrate the steps in the design of basic chemical products using the Stage-Gate™
Product-Development Process. Emphasis is placed on the concepr and feasibility stages in Figure PL 1. Only the key issues are

summarized in the development stage,
After studying this chapter, the reader should:

1. Be able to use the elements of the Stage-Gate™

products.

£
o
By

o

Product-Development Process for the design of basic chemical

2. Have an appreciation of how appropriate design methodology is invoked as needed using the Stage-Gate™

Product-Development Process.

13.1 INTRODUCTION

_In this chapter, three case studies are presented involving
basic chemical products. The first, which involves a plant to
produce amumonia, focuses on process design to manufacture
this well-understood basic chemical. A number of design
imovations are considered in an attempt to reduce costs 5o as

- locompete with competitors. For the second, which involves
the production of an environmentally friendly refrigerant to
replace a refrigerant that is no longer acceptable environ-
mentally, -the focus is on the techniques for molecular
Strrcture design presented in Chapter 3. Finally, the third
involves the design of a water-dispersible B-carotene product
for the beverage industry, beginning with the basic chemical
B-carotene.,

These case studies follow the Stage-Gate™ Product-
DE\'Eiopment Process, as discussed in Chapter 2 and sum-
marized in Figure P11, in solving the three product/process
design problems.

132° AMMONIA CASE STUDY

Before proceeding with the ammonia case study, the reader
§h0uld be conversant with the key steps in process design as
Mroduced iy Part One, specifically Chapters 4 to 9. Further-
More, since this case study is driven by economics, it is
Blplful to be familiar also with capital cost-estimation meth-
?:li’ flroduced in Chapter 22, and with profitability analysis,
bduced in Chapter 23.

Project Charter and New Technologies

As seen in Figure PL1, it is recommended that the design
tearhhegin to develop a new product and process by creafing
a project charter, Before introducing the initial project charter
prepared by the design team, a brief history of the manufac-
ture and purchase of ammonia by Haifa Chemicals is-
reviewed, Haifa Chemicals is an international corporation,
established in 1967, that produces and markets specialty
fertilizers, food additives, and technical chemicals. Their
production plants are iocated in Israel at Haifa Bay and in the
northern part of the Negev region, and in Lunel, France.

In the 1970s, a 250-ton/day ammonia plant was located at
Haifa Bay in close proximity to the Haifa Refinery, which
provided naphtha that was converted to hydrogen in a
reformer, Then, as demand increased in the late 1980s, the
plant was shut down, with ammonia supplied by ship from
external producers. To ensure continuous operation, a
12,000-ton storage vessel, containing a month’s supply,
was installed at Haifa Bay. The principal usage of ammonia
inYsrael is in the manufactore of (NHg )3 PO, that is, fertilizer
pellets for use in farming. Haifa Chemicals operates man-
ufacturing facilities for ammonium phosphate in Ramat
Hovav, which is in the Negev Deseri in southern Israel,
and in Haifa Bay, with ammonia being shipped by truck
to Ramat Hovav, and phosphate rock being shipped by train
to Haifa. As a result of the heightened security threat posed
by the Lebanese Hezbollah in the summer of 2006, the State
of Israel has been considering alternatives to relocaie the
siorage tank to a remote location, such as the Negev Desert,
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Table13.1 Initial Praject Charter

Project Name

Ammonia Production in Israel

Projest Champions

éusiness Director of Haifa Chemicals, Inc.

Project Leaders

Speedy and Ploni Gonzales

Specific Goals

Produce and store NH; from synthesis gas beginning with natural g4
Consider relocating the facility to a remote location to reduce the ris
population centers in the event of the release of NHj that might resy
from terrorist rocket fire. Consider the initial design proposed by Em
Projects Ltd (EPL) as 2 possible starting point. Consider a joint facil
with the State of Jordan and the purchase of natural gas from Egypt

andfor the Palestinian Authority.

Project Scope Inscope:
41, from natural gas
+ Nj from air
Out-of-scope:
» Production and storage in port cities with large populations
(e.g., Haifa, Ashdod)

Deliverables " + Business opporiunity assessment
+ Technical feasibility assessment
+ Product life-cycle assessment
Time Line Feasible processing package within 6 months

s
e

Consider the example project charter in Table 13.1 assembled
by atypical design team in 2007. The goals of this project chariter
were centered around circumventing the safety hazard created
by the storage of toxic ammonia in the Haifa area, which has a
metropolitan population of over 1 million persons. A that time,
the Israeli demand for ammonia was about 350 metric ton/day.
This demand could have been augmented by the joint construc-
tion of & manufacturing plant with Jordan, which was storing
approximately 30,000 metric wns of ammonia in Akaba that
arrived by ship from external suppliers. In 2007, it was also
significant that Egypt was constructing a 2, 000-metric-fon/day
ammonia plant in the Suez Industrial Zone, scheduled to begin
operation in 2008, at an investment cost of $540,000,000, While
implicit in satisfying the need for ammonia product, an impor-
tant objective was to provide guidance and recommendations to
the Israeli govemment regarding policies for the storage of toxic
chemicals. To protect the population, given ihe prices established
by external suppliers of natural gas and ammonia, it may have
been necessary for the government to consider the provision of
tax breaks and low-cost loans. Initially, the preliminary design
praposed by Emek Projects Lid (EPL), an imaginary company,
was available.

This initial project charter identified the production of
synthesis gas using natural gas as the source of hydrogen
and air as the source of nitrogen as in-scope. On the other hand,
solutions involving the storage of aminonia in port cities, such
as Haifa and Ashdod, were considered to be out-of-scope.

The first deliverable was a business opportunity assess-
ment involving a profitability analysis. In addition, a techni-

cal feasibility assessment was to be provided, includin
resulis of process simulations. And, finally, a product
cycle assessment was to be conducted that addressed:
danger of an ammonia release from a storage facility, (¢
release of carbon dioxide byproduct into the atmosphere
(3) the possible conversion of ammonia to urea by rea
with carbon dioxide as a vehicle for curbing the release of;
carbon dioxide byproduct. Note, however, that due (o sp
limitations, this life-cycle assessment is the subject of Ex
cises 13.1-13.3,

Finally, the product time line required the delivery.
feasible process package within six months. '

Innovation Map

Having created a project charter, the design team
furned to an examination of the customer needs (th
the customer-value proposition) and the new technol
likely to play an important role in providing the ammo
product, as introduced in Section 1.3, These are shown li
together in the innovation map of Figure 13.1,

To construct this inrnovation map, the design team
identified the elements in its four levels, moving fron
bottom to the top of the map:

1. Process/Manufacturing Technology: Improved:
integration, membrane separation fo recover
from the purge stream, and heat and mass exch
(IIME) techmology to enhance conversion in the
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Customet- -
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Figure 13.1 Innovation map for ammonia product.

synthesis loop and provide enhanced heat recovery.
These were new technologies to be considered to
enhance the profitability of the process under develop-
ment,

2. Technical Differentiation {Technical-Value Proposi-
tion): Higher thermodynamic efficiency, resulting
from improved heat-integraiion methods; efficient
recovery of valuable H, by utilizing membrane-
-separation technology; and reduced separation and
recirculation costs in the synthesis loop by incorporat-
ing HME technology.

3. Products: NH;.

4. Customer-Value Proposition: Produce NHj to sell for
$0.27/kg or less, while reducing the poiential security
impact of a rocket attack.

After identifying the elements at all four levels of the

novation map, their connectivity in the map was added
to show the interplay between the technological elements, the
lechnical-value proposition, and ultimately the customer-
value proposition.

In this case, for a well-known commodity chemical
Product such as NHj, the new technologies that had the
Potential to satisfy the customer needs were process/man-
Ufacturing technologies. The first was the potential for
'Mproved heat integration using the algorithmic methods
discussed in Chapter 9; that is, methods to increase the
®nergy recovery. Yet another advance was possible
through the use of membranes to recover valuable Hp
Tom the vapor purge stream. that exits from the NHj
Syuthesis loop. And, finally, the new heat and mass

i-.a
rg

exchange (HME) technology had the potential to signifi-
cantly- increase the conversion to N3 while providing
enhanced heat recovery. Both of these separation technal-
ogies are discussed next.

Heat and Mass Exchange Technology

HME technology (Lavie, 1987) involves a heat-insulated pair
of adsorbing vessels that perform their normat role of adsorp-
tton while also transferring heat from the hot regenerant stream
to the cold process stream from which one or more species
are removed by adsorption, as depicted schematically in
Figure 13.2. In NH; production, the synthesis gas directed -
to the converter must be preheated, while the effiuent stream
from the converier must be cooled to condense the ammonia.
This is normally accomplished by heat exchange between
the two streams. Also, the maximum concentration of ammo-
nia in the converter effluent is limited by equilibrium and is
therefore essentially independent of the ammonia concentra-
tionin the feed to the converier. Hlowever, by instatling an HME
unit fo completely or partially replace the heat exchanger, the

Figure 13.2 HME schematic.
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converter effluent can also be enriched at the expense of its
feed. This can increase the conversion-per-pass in the converter
by a few percent, which translates into an increase of 10-20%
in ammonia production from the same loop. The Hot & Rich
stream fed to the HME unit should be at least 150°C.

Membrane Separation of Hydrogen from Synthesis Gas

The MEDAL™ membrane techmology, commercialized by
AirLiquide,http://www.medal.airliquide.ccrnfen/membranes/
hydrogen/ammonia.asp, enables hydrogen to be separated
from a mixture as permeate, with the remaining gases
removed as residue (retentate). A schematic of a typical
separator, taken from the Air Liquide Web site, is shown in
Figure 13.3, noting that the stream pressures and composi-
tions shown do not apply directly to the separator’s applica-
tion in an ammonia process. The usage of highly selective
polyvinylchloride memtbranes enables almost perfect sepa-
ration of the hydrogen, with a recovery as high as 95 mol%.
As discussed in the next section, this technology was not
adopted by the EPL team, but was a strong candidate for the
recovery of hydrogen from the purge gas stream.

In the innovation map, these new technologies were linked
to their related technical differentiations, which permit the
generation of the NHj; product to satisfy the customer needs
identified under the customer-value proposition. The first,
which is imperative to achieve lower costs in energy-
intensive processes that produce commodity chemicals,
was to yield a high thermodynamic efficiency through the
extensive use of heat integration. The second, which hagbeen
enabled by hollow-fiber membranes in recent years, was to
recover valuable Hp in purge sireams rather than bum it in a
flare device. And, finally, the application of HME technology
led directly to reduced separation and circulation costs.
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] 30bara
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fibers other gases

NH;,, H,0
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. ‘. s
Closed
Feed gas
fibers S1bare
86% Hy
<t other gases
Residue gas CHy, Ny,
50.5 bar a H;8,NH3
52% H,
olher gases 5
CH4, Nz, HZS, *

Figure 13.3 Typical membrane separator.
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Combined, these technical differentiations had the Dotentiy
to permit the production and storage of NH3 in a Temol
environment, secure from rocket fire, and the generaijg,, of
product steam to be used in related chemical processes, Such
as the manufacture of (NIH4),PO3.

Concept Stage

Having assembled a promising innovation map, and after gain.
ing approval to begin the SGPDP, as shown in Figure PL] e
design team normally begins the concept stage with a marky
assessmentto identify thevalue creation and value capture apg
to create the value proposition, as discussed in Section 2.4,

a. Market Assessment, For this NH3 product, the addeg
value to customers was unusual. In this case, ¢,
production and storage of NHj in a remote locatiog
would sharply reduce the danger of exposure to toxic

NHj in the event of terrorist rocket attacks, a significant

threat in Haifa, Israel,

The answers to the following questions also hefped
to define the value creation: Who are the customers?
These were the fertilizer manufacturers, that is, the
producers of {NHy);PO3, and the manufacturers of in-
dustrial refrigeration units, in both Israel and, possibly,
Jordan, Of these customers, who are most likely to buy?
Clearly, the Israelis were the most likely cusiomers.

Turning to value capture, in this case, there was no
clear competition, While the NI; could be purchased
from extemnal suppliers, especially the new NH; plant
under construction in Egypt, unfortunately, it was not
possible to import and store NH; in the Israeli ports Haifa
and Ashdod, because they are large population centers.

Finally, the design team identified a concise state-
ment that summarized the need for the new remote

- wfacility to preduce the product NHj. Their value-prop-
osition statement, was: “To remove its dependence ot
imported NH3, the Government of the State of Israel
supports the construction of anew plant to produce NH3
in the Negev Desert. This will permit the dismantlingof
the hazardous NHj storage facility in Haifa Bay.”

Customer and Technical Requirements, and Supe-
rior Product Concepts. For this commodity chemical,
NHj, the customer requirementis were well established
when the project charter was created. These were nok
further developed in the concept stage. Their transta-
tion into technical requirements (see Section 2.4) Wi
rather straightforward: that is, to produce 99 moif
NH; containing 1 mol% water, The latter is needed 10
reduce stress-corrosion cracks (SCC) in the stainless
steel containers exposed to pure ammonia. Normallys
‘the next steps toward creating superior product con-
cepts are to create a preliminary database and [0 f’“”y
out preliminary process synthesis, as shown in Flg”r_c
PI.1 and discussed in Section 4.4, Tn this case, the most
promising flowsheets of process operations aré wel

&




established for the conversion of natural gas to syn-
thesis gas and for the NH; synthesis loop. For this
reason, as discussed mext, the design team opted fo
adopt, initially, the preliminary process flowsheet cre-
ated by EPL as their base-case design. This fiowsheet,
in Figures 13.4 and 13.5, is described next, It was
further developed in the feasibility stage of the SGPDP.

Feasibility Stage

As discussed above, for this case study a preliminary process
flowsheet had been created by EPL. 1t provided the base-case
design to be improved upon by the design team, Note that, in
Figure PL1, it is recommended that a base-case design be
developed at the outset of the feasibiliry stage.

Propased Design by EPL

Figures 13.4 and 13.5, to be described below, show the design
proposed by EPL, which assumes a basis of 12,000 kg/hr of
methane as feed, with raw material and product prices
assumed as given in Table 13.2. Note that the EPL simula-
tions were carried out using UNISIM, the Honeywell version
of HYSYS. This design has a return on investment (ROI) of

NATURAL GAS q_b
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Table13.2 Prices of Raw Materials and Products

Commodity Assumed Price ($/kg)
Ammonia .27
Methane 0.20
Process steam 0.02

—15.4% and a venture profit (VP, compuied as the profit minus
a 20% retum on investment; see Eq. (23.9)) of —~$25,500,000;
that is, an annual Joss of over $25 million. EPL stated in their
teport that: “This poor economic evaluation is due to the
reianvely low market price for ammonia. It is impossible to
design a nore profitable process without a significant increase
in the pnce of ammonia.” During this feasibility stage, the
design team disputed this assertion, believing that it was
possible to generate an acceptable profit and that poor engi-
neering practice led to EPL’s negative assessment. '

The popular route to ammonia, adopted by EPL, is from
natural gas (largely methane). The process involves two main
sections: one for synthests gas generation {Figure 13.4) and the
other for the ammonia synthesis loop (Figure 13.5). Full details
of the original BEPL design, as well as a complete project tender
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s

Synthesis Gas Generation (see Figure 13.4). The objec-
tives of this section are to maximize the production of
synthesis gas and to ensure its purity. The specifications
for synthesis gas are: (a) a molar ratio of hydrogen to nitrogen
of 3 (ideaily, this ratio needs to be 3:1 in the feed to the Nil;
converter); (b) water-free; (¢) CO and CO; under 1 ppm each;
{(d) minimum inerts (argon and CHg). To achieve these

objectives, the following steps are employed: s

a. Methane is combined with reformer steam,, pfgheated
in furnace E-101, and fed to the reformer, in which
most of the methane is converted to hydrogen. The
reformer is a furnace in which the reaction mixture
fows through tubes arranged along the furnace wall, It
is modeled in UNISIM as an isothermal PFR (with the
effluent temperature set at the feed temperature), In the
EPL design, the operating temperature is selected as
700°C. The following reactions take place in the
reformer:

CH; + H,O « 3H; + CO J(13.1)
CO+HO = COy+Hy (132_)

£t

3
b4

Figure 13.5 UNISIM PFD for the EPL design: Synthesis loop section. Units as in Figure 13.4,

According to Parisi and Laborde (2001), reaction rates
for these two reactions are:

—rcH, = ki,00-€Xp[—E;1 /RT]

‘ PP,
PenPino ——r—mer™

T + 30.707]

[kgmol/m®s]  (13.3)

~rco = Ky 0 eXp[—E2 /RT)

Peo, P
exp[ ?T - 3.765}

Pl

[kgmol/m*s} (134)

Note that in the above equations, the species partinl
pressures are in atm, T is the temperatre in K, a
Egs. (13.3) and (13.4) hold for T > 860 K. These authors
provide the following kinetic parameters: Ey = B2 =
16,000 kJ/kgmol, k1 oe=200 kgmol/ms, andkyeo™
100 kgmol/m>s. -

b, The reformer effluent is cqfhbined with air and steam ©
ensure a 3:1 mixture of fiydrogen and nitrogen in the
resulting synthesis gas. First, the effluent is reacted
the oxidation reactor, offén referred to as a “secondary




peformer,” modeled in UNISIM as an adiabatic PFR,
where the oxygen in the air generates CO, which Jeads to
additional hydrogen. In addition to reaction {13.1) above,
he following reaction takes place in the oxidation reactor:

CHy + 20 — CO; 4 2H,0 (13.5)

According to Wolf et al. (1997), its reaction rate takes
the form:
Faee - exp[—E3/R'T] - Pen, Po,
~Fchy = (14+-Ken, Pew,+K0,Po,+Kco,Pco, +KmoPus0)

[kgmol/m’-s} (13.6)

-

Note that in the above equations, the partial pressures
are in kP and T is the temperature in K, Wolf et al.
(1997) provide the following kinetic parameters:

Ken, = 1.1x1078(—Ecy /RT), Ecu, = 32,200k)/kgmol
Ko, = 1.1x1072%(—Eg,/RT), Eg, = 28,400 kI/kgmol

- Kooy = 1-SX1O_‘;‘(““IE'C()Z/WF): Eco, = 32,900 k]/kgn}o; 7

Kiyo = 5.3 - (—Bi,o/RT), Bi,o=27,300 ki/kgmol

The two remaining parameters are selected tobe: Ez =
32,000 k¥fkgmol and k3 o, = 1,000 kgmol/m®s.

¢, Since the first two reaction steps also generate CO, which
poisons the ammonia synthesis catalyst, shift reaction
steps are ernployed o converd CO to CO;. These two
reactors are madeled in UNISIM as adiabatic PFRs. Inthe
EPL design, the oxidation reactor effiuent is fed to the
first shift reactor, HT shift. Then, heat exchanger E-102
reduces its effiuent temperature to 500°C before it enters
the second shift reactor, LT shift. Nole that E-102 gener-
ales HT steam, providing a revenue source. The so-called
water-gas shift reaction takes place in the shift reactors:

CO+H;0 + CO; + Hy - (13.2)

The same kinetic form is used as in Eqg. (13.4), but two
of the kinetic parameters are slightly different (Parisi
and Laborde, 2001) because the reaction occurs at
lower temperatures:

“Tco = ky oo - exp|—Fa/RT)

Pco,P

PeoPu,o — 7 (5:(;27 H [kgmol/m™s]
exp {’T - 4.33}

(13.7)

Note that the partial pressures are in atm, T is the
temperature in K, and Eq. (13.7) holds for T < 860 K.
Parisi and Laborde (2001) provide the following
kinetic parameters: E; = 16,000kJ/kgmol, and
k200 = 100 kgmolim3s.
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d. According to reaction (13.1), any remaining CO
reacts reversibly to methane in the methanator,
which is modeled in UNISIM as an adiabatic PER.
Note that the reaction rate in Eq. (13.3) applies, with
the operating temperature sufficiently low to ensure
that the reverse reaction dominates. In the EPL
design, the methanator feed temperature is selected
as 250°C.

e. The water produced in the previous reaction sieps is
removed next. In the design sugpgested by EPL, heat
exchanger E-104 cools the methanator effluent to 40°C,
condensing the water, which is removed largely in the
flash vessel, V-100. Residual waier is removed using
adsorption beds, modeled using a separator, X-100, in
Ul‘jéI-SIM.

f, The CO, produced in the previous sieps is removed
next. In the BPL design, the heat exchanger, E-105,
cools the effluent from X-100 to —120°C, condensing
CO,, most of which is recovered in flash vessel V-101
as byproduct. The residual CO; is removed using
adsorption beds X-101. -

~ As shown in Figure 13.4, the EPL design produces very
clean synthesis gas, easily satisfying the impurity constraints,
However, only 526 T/day of synthesis gas is produced, given
12,000 kg/hr of methane feed, and the Hy/Ny ratio is im-
precisgly maintained in excess of 3:1.

Ammonta Synthesis Loop (see Figure 13.5). The objec-
tives of this section are to maximize the ammonia production
and to ensure ils purity (=98 mol%), To achieve these
objectives, the following steps are employed:

a, The synthesis gas is compressed fo the operating
pressure of the synthesis loop in compressor K-102;
that is, 150 bar in the EPL design.

The synthesis gas is combined with the recycle stream
from the vapor effiuent of the flash vessel, V-102.

¢. The combined feed from the mixer, MIX-102, is split
three ways, with the largest portion entering the am-
monia converter through heat exchanger E-106, where
it is preheated 1o the ignition temperature using the hot
converter effluent from reacior PER-102, In this design,
the reacting synthesis gas progresses through three
adiabatic PFRs, with intercooling provided by two
cold shots in streams CS-1A/B and CS-2A/B. The
reaction in the adiabatic beds is:

b

0.5N; + 1.5H; ++ NH;3 {13.8)

The rate of reaction is given by the following kinetic
expression {Bq. 7.32):

~ry, = 10%exp[-9.1 x 10°/RTIP Py}

(13.9
—~ 1.3 x 10%%exp[-1.4 x 10°/RT|Pnn, )
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where —ry, is the rate of nitrogen disappearance in
kmol/m?-s, Tis the temperature in K, P; are the partial
pressures of the reacting species in atm, and the activa-
tion energies for the forward and reverse reactions are
in kJ/kmol.

d. The hot reactor effluent is cooled by exchange with the
cold synthesis gas in heat exchanger E-106. Itis further
cooled in heat exchanger E-107, with the effluent
temperature (of stream §-32) low enough to ensure
sufficiently pure ammonia product. Tn the EPL design,
cooler B-107 is cooled with expensive methane refrig-
erant. The cooled converter effluent is ftashed in V-102
to liquid ammonia product, with the vapor stream

recycled.

e. A small purge stream is split away from the vapor
recycle in TEE-101.

Sensitivity Analysis

For a complex process, it helps to identify the decision
variables having the greatest effect on the profitability,
with a comparable effect on the plant feasibility, like the
critical-to-quality {CTQ) variables in product design. These
~ decision variables are:

e Production rate. The design basis of 12,000kg/hr
methane adopted by EPL produces 385 T/day of ‘ai-
monia, which meets Tsrael’s needs. However, this scale
of operation may not be profitable, as will be shown for
the EPL base-case design. Clearly, a well-conceived
design that generates a reasonable profit at minimum
capacity is sought.

e Steam/methane ratio. This strongly affects the con-
version of methane to hydrogen.

o Airfmethane ratio. This affects the Hy/N, ratio in the
synthesis gas fed to the synthesis loop. Note that the
FEPL design generates synthesis gas having a 3.16
H,/N, ratio, which exceeds the stoichiometric rggtgo.

¢ Feed temperatures of the shift reactors. These"ccjﬁtrol
the conversion of CO, which poisons the ammonia
synthesis catalyst, to COx. Note that the EPL design
doesn’t control the feed temperature to the BT shift but
sets the feed temperature {0 the LT shift to 500°C,
leading to excessive CO in the effluent of the shift
reactor train, This CO is subsequently converted to
methane in the methanator, Jeading to highly inert
. {CHy) concentrations in the synthesis loop, significantly
reducing its efficiency and profitability.

o Synthesis loop pressure. The synthesis loop of the EPL
design operates at 150 bar. While the conversion per
pass increases with increasing pressure, as shown in the

solution to Exercise 6.3, so do the equipment and-

operating costs, The impact of the synthesis loop pres-
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. sure on the profitability of the process is considered i,
Exercise 13.4.

o Feed temperature to the ammonia converter. Thi
should be adjusted to the lowest possible value (hy
guarantees a reasonable stability margin; that is, gne
that avoids operation in the vicinity of multiple steady
states (see Section 7.2).

o Control of “cold-shot” bypasses in the ammoniy
converter. The fractions of feed in the bypasses permit
the conversion per pass (o be maximized, as discussed iy
Example 7.3.

In addition to the above, following Chapter 9, MER
targeting should be carried out to compute hot and cold
utility targets. Also, as will be shown, the grand composile
curve helps to distribute the optimal utility sources. A heat
exchanger network can then be designed that provides a
adequate approach to the MER targets, thereby sharply
reducing the usage of external utilities.

Refining the Solution

First, the designbasis of 12,000 kg/hr methane feed inthe EPL
design is retained, with the aim being to estimate the best
profitability achievable for this scale of operation. Then,
economy-of-scale arguments are employed to estimate the

_effect of the production rate on the profitability of the process.

Refining the Solution for 12,000 kg/hr Methane Feed

There are several weaknesses in the EPL design: (a) too little
hydrogen is produced in the synthesis gas section due 1o
the poor performance of the reformers; (b) the Ha:Np ratio of
the synthesis gas is 3.158, and 4.255 in the feed to the
converter, due to the poor control of the quantity of air fed
to the synthesis gas section; (¢) the percentage of inerts inthe
synthesis gas, especialty CHy, is excessive (the composition
of methane is 11.5 mol%) due to: (i) the relatively poor
conversion of CHy in the reformers, and (ii) the retatively
large concentration of CO remaining in the synthesis 243
effluent from the shift converters, which is subsequently
converted to methane in the methanator; (d) the ammonid

. composition in the N converter effiuent is about 8.5 mol®

due to: (i) the excessive amount of inerts in the converter fee

(over 44 mol9?), (ii) the high Hp:Np ratio in the feed to the
converter, which is far above stoichiometric, and (iif) poor
performance of the converter, with the bypass fractions
suboptimal and the feed temperature t00 high, All of these
weaknesses are dealt with sequentially. Due to space timita- -
tions, only the key improvements are highlighted next:

Improving Hydrogen Yield, The main reason for the refd-
tively low hydrogen yield is the low temperature in the
reformer, with the yield increasing exponentially with e
perature, Setting the operating temperature 10 $50°C, while
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1.3 Sensitivity of Primary and Secondary Reformer Performance to Steam Flow Rates. Qutputs — H; (in Roman font) and

(0, Mass Flows (in italics) — in kg/hr
"

. Reformer Steam [kgmol/hr}

1,500 2,000 2,500 3,000
) mm kgmolfhr] 600 4334 4,449 4,514 4,571
4.35 % 107° 1.15%x 1075 120 x 1672 4.27
900 4302 4421 4,494 4,556
! : 125% jo~* 2.02 % 1076 7.52 x 1072 2.47
1,200 4,268 . 4397 4,476 4,542
105 % 107! 300 x 1078 2.42 x 1072 117
1,500 4,234 4375 4,460 4,530
’ 201 % 1073 2.56 x 1076 9.49 x 107* 448 x 1071

p—

adjusting the air flow rate toensure a H3:Nj ratio of 3, reduces
he methane composition in the effluent from the oxidation
reactor from 3.6 to a very low 0.04 mol%. Furthermore, 1o
maximize the hydrogen produced, a sensitivity analysis -
shows the effect of the steam molar flow rate in the reformer
and oxidation reactor on the hydrogen mass flow rate in the
oxidation reactor effluent. The resuits are presented in Table
133. As seen, the optimal operation is at a reformer sieam
flow rate of 2,500 kgmol/hr, rather than 2,000 kgmol/hr, and

a combustion steam flow rate of 600 kgmol/hr, rather than
1,200 kgmol/hr. These seilings ensure the highest possible
hydrogen generation rate while keeping the oxygen level
sufficiently low. With these settings, the methane composi-
tion in the oxidation reactor effiuent drops further, from 0.04
10 06,609 mol%.

Minimizing CO Composition in the Shift Reactor Train
Effluens, Next, the optimal operation of the two shift
ractors is considered. To improve their performance, a
eooler is inserted immediately before the HT shift reacior,
dllowing the feed temperatures to the two reactors to be
slected independently. A sensitivity analysis shows their
effect on the CO concentration in the effluent from the LT
shift reactor as its feed temperature varies from 300 to S00°C.
The results in Figure 13.6 show that the minimum CO
Concentration, at 1.33 mol%, is achieved when the feed
emperatures to the HT and LT shift reactors are at 400
ad 375°C, respectively. With these settings, the methane
tomposition in the synthesis gas drops to 2.5 mol%. The new
“oler also allows a large quantity of high-pressure steam
1hps) to be produced, providing significant revenues.

As seen in Table 13.4, with these modifications to the
S¥nthesis gas section, the ROI and VP increase to —2.4 and
~320,000,000, respectively. Although the profitability is
improved, it remains unaccepiable. Additionat

omy . .

‘o , ~ improvements are needed in the NH; synthesis
( o loop. :
S

Increasing Conversion in the Ammonia Con-
verfer. First, notice that the conversion in the
ammonia reactors is very low. As shown in the

£
K

Wk 5.
multifiedia modules, which can be downloaded from the
Wiley Web site associated with this textbook (HYSYS
— Tutorigls— Process Design Principles  —» Ammonia
Converter Design), the conversion can be significantly
enhanced by adjusting the cold-shot fractions. Consequently,
both are increased from 0.1 to 0.2. Furthermore, the reactor
feed temperature is reduced from 310°C o just above the
extinction temperature, 250°C, further increasing the conver-
sion, which is favored by low temperatures. Because multiple
steady states are possible, to avoid operating problems, care is
taken to select feed temperatures associated with unique
sthgfy._ slales, '

Reducing the Cost of Ammonia Separation. Because the
ammonia purity is much higher than required, the operating
temperature of V-102 can be increased, reducing the refrig-
eration costs. For example, using ammonia refrigerant at
~30°C, the V-102 temperature can be as high as —20°C,
assuming a minimum temperature approach of 10°C. With
this change, the operating expenses of the process are re-
duced sharply, at the cost of increasing the NH3 concentra-
tion in the recycle siream.

Hydrogen Recovery from the Purge Stream. The purge
stream is at 4.3 T/hr and 61 mol% Hp, which has been
generated at considerable expense. As an alternative, hydro-
gen can be recovered using a membrane-separation unit,
which is designed on the assumption of 95% hydrogen
recovery. Because the hydrogen recovered is at 50% of
the pressure of the synthesis loop, the single-stage compres-
sor must be replaced by a two-stage compressor, including
an intercooler, with the recovered hydrogen fed to the
suction line of the second compressor, The additional equip-
ment costs must be justified by the increased NHj production
rates. :
Figures 13.7 and 13.8 show the PEDs for the improved
synthesis gas generation and synthesis loop sections. To
achieve profitability, it is necessary to reduce the Hz:Nj ratio
of the synthesis gas, such that after the recovered hydrogen is
recycled, the Hp:Nj ratio entering the converter approaches
three. As seen in Table 13.4, with these modifications to the
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Table13.4 Profitability Analysis by Design Step (Basis: 12,000 kglh}: methane)

Figure 13.6 Effect of the feed
temperatures to the two shift reactars
on effluent CO.

NH, Gp Crcr ROL PBP VP
Step (T/d) (SNVEME) (SMM) (%) (yrs) (SMM)
EPL Design 385.2 —148 72.0 ~15.4 wa ~255
After modifications to synthesis gas section 530.5 —2.8 - 89.6 —24 nla ~-20.0
After modifications to synthesis loop section 608.9 fe.1 36.0 12,5 7.8 ~12
After implementing heat integrution 608.8 17.5 89.3 147 6.8 47
After implementing HME 610.2 19.0 §8.5 16.1 6.2 -34

J—

'synthesis loop section, the ROl and VP are increased signifi-
cantly to 12.5%, and —$7,200,000. Next, heat integration is

considered as a means of further improving the profitability. ~

MER Targeting, MER Design, and Optimal Energy
Management

The objective of this step is to improve the profitability of the
process by heat integration, using techniques discussed in

Chapter 9. At the outset, note that the primary (NH3) and

secondary (purge) products are currently produced at —20°C,
with valuable cooling resources not being exploited. To use
these resources, two heaters are inserted into the flowsheet:
E-109, which raises the CO, product temperature 1o its
bubble point (the highest liquid temperature), and E-110,
which raises the ammonia product temperature to its bubble

o point, It is noted that ammonia storage is designed so that
0 3 ammonia is stored either at ambient temperature (at aboul 10
“* par) or at atmospheric pressure {thus requiring refrigeration
to maintain the ammonia-at its bubble-point temperature of
—30°C). For this simplified design, it is assumed that the
ammonia can be produced at the bubble-point temnperature
comresponding to the loop pressure.

Next, a preliminary analysis of-the opportunities
integration is presented; that is, the demands of sireams 10 be
heated and cooled are listed below:

COLD._1: 24.02 x 108 keai/h? is required between 153
and 850°C to preheat the reformer feed. The Cmf‘:m
design requites $2,760,000/yr in fuet costs a
furnace (E-101) whose FOB purchase price 18

~ $1,970,000.

for heat

Figur

Figy
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COLD 2: 1.38 x 10° keal/hr is required between 120
and —17°C to heat the CO; product. Alternatively, this
cold stream can remain at —120°C if more economical.

COLD_3: 1.46 x 10%keal/hr is required between —20
and 30°C to heat the NH3 product. Alternatively, this
cold stream can remain at —20°C if more economical.

HOT_1: 40.67 x 10° kcal/hr is available between 400 and
1,145°C in the secondary reformer effluent. The current
design generates HP stearn with revenues at $10,170,000/
yr. Possibly, these revenues can be improved.

HOT_2: 3.80 x 10%cal/hr is available between 375

and 449°C in the HT shift effluent, Again, the current
design generates high pressure steam (hps) that provides
$050, 000/yr. Perhaps this heat can be better utilized
elsewhere.

HOT 3: 8.13 x 10% keal/hr is available between 220 and
382°C in the LT shift effluent. Similarly, the current design
generates HP steam with revenues at $1,220,000/yr.

HOT_4: 35.21 x 10° keal/tr is available between 40 and
302.8°C in the methanator effluent, noting that this
stream exhibits a phase change. In the current design,
this heat is removed using cooling water, which is
clearly wasteful.

HOT_5: 9.83 x 100 kecal/hr is available between —120
and 125.7°C in the feed stream to V-101, noting that this
stream exhibits a phase change. In the current design,
this duty is removed using methane refrigerant (mr), at a
cost of $4,920,000/yr! Clearly, not all of this heat
should be removed using such an expensive refrigerant.

HOT_6: 2.78 x 100 keal/hr is available between 40 and
165°C in the effluent from K-102. Currently, this heat is
removed using cooling water.

HOT_7: 27.58 x 10%keal/hr is available between —20
and 232°C in the feed to V-102, noting that this stream
exhibits a phase change. In the current design, this
heat is removed using NHj refrigerant at a cost of
$4, 140, 000/yr! Clearly, not all of this heat should be
removed using a refrigerant.

By selecting only the above streams as candidatesifor
maximum energy recovery (MER) targeting, the heat-
integrated NH; converter is left untouched. As noted above,
its performance is sensitive to changes in its inlet tempera-
ture. Given its feed/product heat exchanger, B-100, it seems
preferable to decouple the streams in the heai-integrated NH3
converter from the remaining streams being considered for
heat integration.

MER Targeting. To initiate the heat-integration calcula-
tions, heating and cooling curves are generated for the hot
and cold streams. As shown in Figure 13.9, because most of
the streams do not undergo phase changes, they exhibit near-
linear behavior, enabling them to be approximated using
constant heat capacities, Cp. Only streams HOT_4, HOT_5,

Basic Chemicals Product Design Case Studies

and HOT_7 undergo condensation (before flash dromg
V=100, V-101, and V-102, respectively), with highly Non.
linear temperature variations. To a lesser extent, coid streams
COLD _1 and COLD_2 exhibit nonlinear variations, Note
that conservative approximations are made for the streqyq
exhibiting nonlinear variations, with 7 and 17 cold ang hot
pseudo-streams, respectively, as detailed in Table 13,5 .
ing that the numbering convention used for the pseydy.
streams, indicated on the plots in Figure 13.9, is adopled
in the MER design.

Table 13.6 shows the results of MER targeting for AT, ;, -
10°C, indicating that a pinch does not exist. As discussed i
Section 9.6, this threshold problem requires only cooling wi.
ities, Note that a pinch appears with ATy > 300°C. The MER
energy targets for AT, = 10°C are Onmin = Okealflr and
Comin = 101.2 % 108 kecal/hr. These compare unfavorably
with ~26.9 x 106 keal/hr of heating utilities and ~ 128 x
108 keal/hr of cooling utilities in the current design. Clearly, the
MER analysis shows that the furmace preheater and its fuel are
not required and thus it should be possible to eliminat
them. Note also that the difference between the total cold
and hot utilities in the UNISIM simulation, 101.1x
1068 kealshr, is almost identical to the MER threshold target
of 101.2 x 10% keal/hr, an indication of the accuracy of the
MER analysis. Note also that because zero heating utility is
required, the residual heat flows between the temperature
intervals are identical in columns 3 and 4 of Table 13.6.

The data in Table 13.5 are used to generate the geand
composite curve (GCC) in Figure 13.10. Close inspeetion of
the GCC suggests that a possible distribution of the total cold
utility duty, 101.2 x 108 kcal/hr, is:

a. Generate up to 27.6 x 108 kcalshr of high-pressure
steam (hps) using boiler feed water (bfw) at the appro-
priate pressure as a coolant,

b. Cenesate up to 8.6 x 10%keal/hr of intermediale-
pressure steam (ips) using bfw at the appropriale
pressure as a coolant.

e. Use 50.2 x 108 keal/hr of cooling water (cw).

d. Use 10.2 x 106 keal/hr of ammonia refrigerant (i
—30°C).

e. Use only 4.6 x 108 kcal/hr of methane refrigerant (al
—-160°C).

An alternative solution that does not involve cold streams
COLD_2 and COLD_3 (i.e., with the CO, and NH; products
delivered at the operating temperatures of V-101 and V-lﬂ?,
respectively) leads to the GCC shown in Figure 13.11, 11
which the MER cold utility target is 104 x 10%keat/t
distributed as follows:

a. Generate up to 27.6 x 10 kcal/hr hps using bfw at the
appropriaie pressure as a coolant,

b. Generate up to 8.5 x 10% keal/hr ips using bfw at the
appropriate pressure as a coolant.
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Table 13.5 List of Pseudo-Streams for HEN Synthesis (Qutput of MATLAB Script), THS, THT, TCS, and TCT are source and
target temperatures of the hot and cold streams. CFH andiCPC are heat-capacity flow rates of the hot and cold streams in
keal/hr°C x 10~%, QH and QC are heat duties of the hot and cold streams in keal/r x 1076

——

Hot Streams

H1:
H2:
H3:
H4:
HS:
He:
H7:
HS:
H9:
H10:

THS
4,0000e+002
7.6000e4-002
3.7500e+002
2.2000e--002
4.0000e+001
8.0000e+001
1.0500e-+002
1.3000e+002
1.600024+002

—1.2000e1-002

THT
7.6000e+-002
1.1450e+4-003
4.49006+002
3.8200e+002

. 8.0000e+001
1.0500e-+002
1.3000e+002
1.6000e+002

%3.0280e-+-002

—9,6000¢-+001

CPH
5.2972e-002
5.6104¢-002
5.1338¢-002
5.0210e-002
1.0025e-001
1.5200e-001
2.6000¢-001
4.6567¢-001
4.8529¢-002
4.9708¢-002

QH
—1.9070e+001
—2.1600e+00!
—3.7990e+003
_8.1340c-+008

—4.0100e+000

—3.8000e+000
—6.5000e+00
—1.3970e-+001
—6.9300e+00
—1.1930c+000

(C ontined)
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Table 13.5
Hib: ~8.6000e-+-001 —7.8000e+001 6.6667¢-002 —1.2000e+000
Hi2: —7.8000e+001 ~5.9000e+001 1.1526¢-001 —2.1900e-+-000
Hi3: —5.9000e+4-001 1.2570e+002 2.8424e-002 ~3.2500e4+000,
Hid: 4.0000e+001 1.6560e+002 2.2237e-002 —2.7930e4+000
HI3: —2.0000e+001 1.3900e+00t 1.6165e-001 —5.4800e4-000
Hi6: 1.3900e+001 4.160024-001 2,3466e-001 —6.5000e-+000
HI7: 4.1600e+001 2.3260e+-002 . 8.1675e-002 —1.5600e4-001
Celd Streams
TCS TCT crC QC
Ch 1.8500e+002 2.0800e+002 7.4348e-002 1.7100e+000
C: 2.0800e+002 4.0000e+4-002 3.1510e-002 6.0500e--000
C3: 4.0000e--002 6.5000¢+002 L 3.4560e-002 8.6400e-+000
C4: 6.5000e-+-002 8.5000e-+-002 ‘-‘éé-, : 3.8100e-002 7.6200e--000
C5: —1.2000e+002 —6.0000e-+-001 B 1.2583e-002 7.5500e—001
Cé: —6.0000e--001 —1.8000e+6001 1.4643e-002 6.1500e~001
crn —2.0000c+001 3.0000e--001 2.9200e-002 1.4600e--G00

| Tableld.6 MER Targeting Results for ATy, = 10°C (Ountput
. of MATLAB Script)

4
EY

¢. Use approximately 50.2 x 108 keal/hr of cw.

Interval Energy Flows Energy Flows . 6 .
Temp (°C) 1.0e+003x  AH Ou =0 O =0 d. Use approximately 11.5 x 10°keal/hr of ammonia
refrigerant (at —30°C).
éggg 00(; o 0 O(; . 0 0(160 e. Use approximately 5.8 x 10%kcal/hr of methane re-
’ ' ) ) frigerant (at —160°C),
0.7500 0.0018 0.0178 0.0178 B
0.6500 0.0015 0.0193 0.0193 Since this second alternative is much easier to implement and
0.4390 0.0039 0.0232 0.0232 involves only 3% more cold utilities than the best possible
04000 0.0027 0.0259 0.0259 option shown in Figure 13.10, itis selected as the basis for the
0.3900 0.0007.  0.0266 0.0266 HEN design.
03720 0.0004 0.0270 0.0270
03650 0.0005  0.0275 0.0275 Design of MER Network. Next, the HEN in Figure 13.12
0.2928 0.0014 0.0288 0.0288 is designed to meet the MER targets defined above for
02226 0.0047 0.0335 0.0335 ATmin = 10°C. A total of 12 heat exchangers are required,
0.2100 0.0019 - 0.0354 0.0354 after grouping all contiguous pseudo-streams. Note that:
0.2080 0.0002  0.0356 00356 :
0.1850 0.6013 0.0369 0.0369 a. A single process-process heat exchanger is required, in
0.1556 0.0038  0.0407 0.0407 which heat is exchanged from the hot exothermic
0.1500 0.0009 0.0416 0.0416 reactor effluent to the process feed (i.e., heat exchange
0.1200 0.0i71 00587 0.0587 from pseudo-streams H1-H2 to C1-C4), with a total
0.t1s7 ' 0.0016 0.0602 0.0602 duty of 24.02 x 10%keal/hr. This eliminates the fur-
0.0950 0.0081 0.0683 0.0683 nace heater, although a small heater for process startup
g'{)m{) 0.0071 0.0754 0.0754 may be necessary.
Ug;g)g gggﬁ? ggg:g ggg;‘g b. The remaining system involves the usage of utility
0.0039 0.0061 0'0911 0'0911 coolers. Tor process temperatures above 370°C, hps
00180 0.0035 0-0946 0'0946 has been raised by using b.fw as a coolant, Above
~0:0200 0‘0003 0'0949 0‘0949 220°C, bfw is used to raise ips.
~0.0300 0.0018 0.0067 0.0967 c. As much as possible, cw has been used. For process
~0.0600 0.0004 0.0971 0.0971 tefﬂ‘peratures above ~20'.°C, ammonia ref‘rigerant (ar}
._8.0690 0.0001 0.0072 0.0972 utfi}ty hasdbtf:en ulsgd, with m{zthane ‘rt:fr‘:gerant {mir)
‘0.?2?)0 0.0020 0.0992 0.0992 utility used for .co er process em[?gla ulies: '
‘-(Jl. l?{]g 0.0010 0.1002 0.1002 _d. Ti_w above, (_ie.mgn uses the following distribution of
030 00005 01012 01012 o SO 4 38 — 2045 x 10° keallr hps is rased
~ 0.0005 0.1012 0.1012 a. 16.65 +3.8 = 2045 x cal/br hps is raise

using bfw.
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GCC for AT = 10°C: Oy in = 0x108 keal/hr, O iy = 101.2x10% kealthr
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Figure 13.10 Grand composite curve for ATy, = 10°C, showing a possible distribution of utilities; Oy m{n =0
Ocmin = 101.2 x 108 keal/r,

GCC or ATy, = 10°C: O gin = 0x10° kealfhr, Qe iy = 104x10° kealthe
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Figure 13.11 Grand composite curve for ATy, = 10°C, with C1 as the only cold stream, showing a possible distribution of utilities:

Ot min = 0, Qc,min = 104 x 105 keal/hr,
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Figure 13.12 MER design for AT, = 16°C. The average heat-capacity flow rates for H10-H13 (HOT 5} and H15-H17 (HOT_7)
8% not shown, Temperatures in °C (italics). Heat duties in keabhr (Roman underlined).

b. 8.13 4+ 4.02 = 12.15 x 10%kcalhr ips is raised  Installing @ HME into the Synthesis Loop
using bfw. '

¢. A total of 55.02 x 10° keal/hr of cw.

d. 10.68 x 10 keal/hr of ammonia refriperant is used

As shown in Figure 13.15, the heat and mass exchanger
{HME) is installed such that the HOT RICH stream is the
effluent of a new heat exchanger, E-112, installed to gener-

(ar —30°C). : :
e, 5.69 x 10° kcal/hr of methane refrigerant is used (at awe s (.8_34B)’ and the COLD L_EAN siream_is the
~160°C). combination of the vapor recycled from the flash vessel,

. V-102, and the makeup synthesis gas stream (Total _SG).
X eF ;Elil‘e.s 13.13 and 13.14 show the UNISIM PFD for  The COOLED ENRICHED siream is fed to cooler E-111
in Ei Cat-integrated process, which implements the HEN {cooled with cw), and the HEATED DEPLETED stream is
110“‘%“1‘313.1.2. As shown in Table 13.4, this heat integra- fed directly to the ammonia reactors. The degrees of

oy urther increases the ROI and VP to 14.7% and  freedom for the HME are defined as: (8) 50% of ihe

700,000. ammonia in the HOT RICH stream is transferred to the




358 Chapter 13  Basic Chemicals Product Design Case Studies

SGUTRE a2
NHEOnh] was %

MASS

SET- o

EF HALANCE Synthaiidias

NATURAL 0AS ISl -— .
Rufermer Flow _-—‘—iﬁ,?\
HINISTM OAS 2
HEFSTEAM m_. Sl 5 NGOV FEED o

MEX-80 Bl FrEa— A
REF 11 Reaeror Vesseh Cusding ; B
% _ oY NT e
ADFam o CHY o
Ecosamic Evalistivn Unidating Y
i : Iy
KA DU
] K- o2 ke
COMBSTEAM I o0, i
- ca? Frtum
EALOUTY &5 E-l_pLArY - el
W Shify LT Shilk:

B8 RUTY . = o] » 2 g
Y o =2
B S . EiULDUEY e
§ sty YN
E:d U, DUTY

HIPHRITY HIO-

ZES Mo Flow | SRI37 KLY CORPRUDUCY
SR HIO Parity VM % — 2954

Vil Fempe N H i O Pty | LY
Casting il : el cozproptey SO Py |
= Pressune O 1AAND X300 Costing - Tewperatuse | -1
Custing Prossuee EXT
u——

Figure 13.13 UNISIM PFD for the synthesis gas section after heat integration. Units as in Figure 134,

i
- iy H2 RECOVER, .
T = X102y The
% - X202 Castizig Y Ny
WASTE :
Sysitbnsis Clus PLRGHE
- Fluw s -
;_N, T Bttty BT Y
HENISYNGAS 20 Al _ JEEIm
H3NZ L ONY FEES M3
HI T
. o %) _
& s .
CHY i1 7 =
AR [{TEaL) -2
OF, ) funkdn Conting
[4% A4t MIX-10E
o EXYRT]

MEX- Lt
1A

PERN2
T

ESAA Yl S8

YLV UL

bar
&

. .

152 _DUTY

ReY-2 1
Tousk S0

NHa prODUCE
Alims Flaw
NEL Purity

TFrmporatute

NH}  umverter Cosilipe

$:36

r

MIX- NH3 PRODUCT

Prussuw

R0 DUTY
E

K- huTy

Figure 13.14 UNISIM PFD for the synthesis loop section after heat integration. Units as in Figure 13.4.




the HEATED DEPLETED stream is 50°C
less than that of the HOT RICH stream. Note
that the internals of the HME block in the PFD
are as given in the project tender in Figure 6
(see the file Ammonia Project.pdf in the PDF
Files folder, which can be downloaded from the
Wiley Web site associated with this textbook).
The installation of the HME alters the material balance in
he synthesis loop, requiring a small adjustment in the Hy:N»
atio in the makeup stream o maintain the Ha:Nj ratio in the
reactor feed close to the optimal value of 3, Furthermore,
ecause the reactor feed temperature is increased, the optimat
old-shot fractions move from 0.6, 0.2, and 0.2 to 0.34, 0.33,
nd 0.33. The reactor feed temperature is also reduced to
40°C. These modifications increase the NH; composition in
he stream fed to the flash vessel, V-102, to 18.7 mol% (from
16.5 mol%). Also, the feed temperature to the flash vessel is
nereased to —10°C (thus saving significant refrigeration
0sts). This, of course, increases the NHj composition in
he recycle stream, but this is carrected for by the action of the
HME, Finally, note that about $1,000,000/yr of revenue is
Bained from ips generation in E-112,

As shown in Table 13.4, the introduction of the HME,
While not optimally designed, further increases the ROI and
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VPtoabove 16% and —$3,400,000, with a payback period that
just exceeds 6 years. Clearly, the process at the EPL produc-
tion rate is only marginally acceptable. To secure an adequate
profit, a larger production rate is required, as considered next.
Sy .

Economy-of-Scale

In this section, the venture profit is estimated at various levels
of operation using economy-of-scale methods. As defined in
Eq. (23.9), the venture profit, VP, is:

B VP = (1 — )GP = ininCrai, (13.10)

7
" where ¢ is the income tax rate, GP is the annual pretax earnings
(S — C = gross profit), S is the annual sales, C is the annual
cost of production, Crey is total capital investment, and i, is
the minimuwin acceptable return on investment. '
For the ammonia process, the annual cost of production is:
C=NG+OP+WD+IAB, - (13.11)
where NG is the annual cost of natural gas, OP is the annual
cost of operations, WD is the annual cost of waste disposal,
and LARB is the annual cost of labor. Returning to Table 13.4,
the most profitable configuration (after implementing the
BME) for a feed of 12,000 kg/hr methane has Crop =



AT e [ e

360 Chapter I3 Basic Chemicals Product Design Case Studies

x 108
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610 T/Day
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Natural Gas Price [$kg]
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$88,500,000, OP = $3,300,000, WD = $1,430,000, and
LAB = $2,770,000. NG and REV are computed using the
unit costs of methane and ammonia and assuming 330 days
of production per year. A power law is commonly used to scale
the Crcp with the production level; that is, for the ammonia
process, Cycy = 0.993P%7 million dollars. Taking iy = 0.2
ands = 0.25, the VPisestimatedasafunction of the production
level, with the results shown in Figure 13.16 as a functionof the
price of methane. Several obvious conclusions are:

a. Ammonia cannot be produced at a level that satisfies the
Tsracli national demand unless the cost of natural gas is
about half its current level. Given that methane prices are
expected to rise, this eliminates the feasibility of produc-
tion to satisfy the Israeli market demand only. The possible
impact of governmental incentives on the feasibility of
production at this level is considered in Exercise 1_%?.5.

b. A plant that produces approximately twice-the is'iaeli
national demand would be feasible if the cosi of
methane is subsidized by 25%. However, the surplus
ammonia produced would have to be exported, proba-
bly by sea, requiring bulk storage facilities in popula-
tion centers—-an infeasible option.

C

A plant to produce three times the Israeli national
demand, that is, 1,000 T/day, is feasible economically.
If this solution were adopted in Haifa, the storage
facilities would be doubled, with two-thirds of the
production exported using the city’s port facilities,
which is also an infeasible option. Alternatively, ajoint
venture with Jordan, whose ammonia demand is ap-
proximately twice that of Israel’s, could be encouraged. -

0.23 Figure 13.16 The effect of production scale
on VP. .

The combined Isracli-Jordanian demand matches the
minimum level of production that is economically
viable. This suggests a production facility in the Negev
Desert, close to the Israel-Jordan border.

Development Stage

As indicated in Figure PL1, the main task in the development
stage of the SGPDP, as applied to the design of basic

‘chemical products, is to carry out a detailed plant design

and draw conclusions about the feasibility of the project. This
stage femains to be implemented for the ammonia product;
see Exercise 13.6.

Postseript

This case study documents the final-year design project under-
taken by undergraduate students of the Department of Chemi-
cal Engineering at the Technion, Class of 2007, The projet
tender, provided in the file Ammonia Project.pdf in the PDF
Files folder, which'can be downloaded from the
Wiley Web site associated with this textbook, was
addressed to the students. The project attracted
considerable media attention in the wake of the
2006 Lebanese War and the missile bombard-
ment of Haifa. The following is an article pub-
lished in the Jerusalem Post.

http:/fwww.j post.éonﬂservlet/Satellite?cid:l 1853790034 13&
pagename=3Post%2FIPArticle%2FShowFull
A joint Israeli-Jordanian faciory for the production of
mmmonia—for making fertilizer and other products—1
solve the problems of Haifa Bay’s ammionia storage




wcility has been proposed by researchers at the Technion-
Jsrael Institute of Technology in Haifa.

0_,( Danny Lewin and studenis from the chemical
‘engineering faculty were invited by the Haifa City

- Association io find ways to transfer the ammonia facility
fmm Haifa to the South because of environmental and

- yecurity risks in its present location. The students’ three-
gemester project was 1o suggest @ way to turn the noney-

! Josing facility into a profitable one while ensuring safety
and profecting the environment. An ammonia leak could
endanger the lungs of neighbors and even pose the danger

Animionia is not manufactured in Halfa, but imported and
stored in the Haifa tanks. During the Second Lebanon
War, residents were very fearful that a Hezbollah rocket
would hit the facility and set off an environmental disaster.

Tewin said he wanted students to finish their studies less as
-technacrats and more as involved with people’s problems
and taking a global approach. They worked for three
semesters on a problem that experienced engineers had
“failed to solve and came up with a way to manufaciire
ammonia naturally, safely and efficiently.

ey reached the conclusion that it was nol economically
‘viable to manufacture ammonia for Israel alone, as any
facility would produce three times what Israel needs.
Instead, they said a partnership should be formed with
ordan to manufacturer the chemical at Rotem in the
‘South, close to the Jordanian border. The area already has
a facility to manufacture fertilizers from Haifa Chemicals’

3° ENVIRONMENTALLY FRIENDLY
.FRIGERANT CASE STUDY

Section 3.2, the issues involved in designing environ-
ntally friendly refrigerants are discussed. These employ
1ecular structure design to locate molecules involving C,

S, and H atoms, and the halogens F, Br, and I (and not

' _hat have: (1) alarge latent heat of vaporization, to reduce

i throughput when removing a specified heat duty; (2) a

ow viscosity, to reduce the recirculation power; and (3) a low
Zing point, to reduce the possibility of freezing. Note that
was banned in the Monlreal protacol of 1987 because the 33
omposition of Cl-containing refrigerants had increased o
ts-per-billion in the stratosphere, with the chlorine atonis’
cling with ozone, decreasing the earth’s ozone layer.
lice, in 1987, the product design problem was to design
irontentally friendly molecules, that is, refrigerants that

For th1s case study, it is presumed that a design team was
ssembled in the late 1980s to create a new environmentally
fendly refrigerant product. In hindsight, of course, many
figerants were designed, The purpose of this case study is
O_lfﬁCe the steps in product design, following Figure PL1, as
LY may have been carried out by design tearus at that time.
Yole that these scenarios are postulated by the authors, who
£1¢ not involved in the design teams.
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Project Charter

As discussed in Section 2.2, and shown in Figure P1.1, most
design teams begin to develop a new product by creating a
project charter. For an environmentally friendly refrigerant
product, a typical project charter—containing specific goals,
a project scope, deliverables, and a time line—is given in
Table 13.7. Clearly, the project charter summarizes the
objectives above and sets the time line with deliverables.

Molecular-Structure Design

The next step in Figure P11 requires that the design team
answer the question: “Is materials technology invention
required?” In this case, of course, it is necessary to ““find
chemicals or chemical mixtures that have the desired
properties.” This involves molecular-structure design, as
discussed under “Refrigerant Design” in Section 3.5.

In the strategy described, the design team begins by
selecting the extreme temperatures in refrigeration cycles
for which the refrigerant is needed,; that is, the temperatures at
which heat is to be absorbed in the evaporator and rejected in
the condenser of a refrigerator. For a typical refrigeration
cycle, see Figure 95.20. Then, & atoms and molecular groups
are selected to be included in the candidate molecules, each
of which may appear n times.

First, Example 3.3 considers 13 atoms and molecuar -
groups—CHj, CH,, CH, C, OH, O, NH;, NH, N, SH, 5,
. B and Cl—with Cl included in the search to show that
“holecules containing chlorine are the most desirable when
the azone layer is disregarded. Then, in Example 3.4, when
an ozore depletion potential (ODP) is included, refrigerants
without Cl are obtained.

For these examples, the refrigerant is designed to absorb
heat at temperatures as low as 30°F (—1.1°C) and reject heat
at temperatures as high as 110°F (43.3°C). In an optimization
formulation, the refrigerants are selected to have:

1. Avaporpressure, P*{~-1.1°C} > 1.4 bar, o ensure that
leaks are from the refrigerant system (rather than from
vacuum operation, into which air and water vapor can
leak),

2, PP{43.3°C} <« 14 bar, to keep the compression ratio
from exceeding 10,

An enthalpy of vaporization, AH*{—1.1°C} > 18.4
k¥mol, to reduce the amount of refrigerant needed
{where 18.4 kJ/mol is the latent heat of vaporization of
Freon 12, the chlorine-containing refrigerant banned in
1987}, and

4. A liquid heat capacity, c;{21.1°C} < 32.2¢cal/
(molK}, to reduce the amount of refrigerant that
flashes across the valve (where 32.2cal/(molX) is
the heat capacity of liquid Freon 12). Note that

. 21.1°C is the average of the extreme temperatures.



