Process Design Decisions and Project Economics
Dr. V. S. Moholkar
Department of Chemical Engineering
Indian Institute of Technology, Guwahati

Module - 7
Cost Diagrams and Quick Screening of Process Alternatives
Lecture -35
Tutorial on Lumped Cost Diagram and Cost Allocation Diagram

Welcome, we have started with the module on Cost Diagram and today we shall see a
tutorial on it.

(Refer Slide Time: 00:37)

In the past 3 lecture we studied various aspects of the Cost Diagram, as how we can
convert basic flow sheet into an energy integrated flow sheet.



(Refer Slide Time: 00:41)

To the cost diagrams we are prepared by putting the cost information right on to the flow
sheet the annualized capital cost of the equipment was put inside the box that indicated
the particular equipment and processing cost was allocated to a particular stream. A
complicated cost diagram of an energy integrated hydro de alkalization process of
toluene, was converted into a relatively simple diagram what we call lumped cost
diagram.
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The lumped cost diagram was prepared by identifying the cost intensive operation in the
flow sheet, and then summing up cost of the equipment that is involved in each of the
operations. So, these operations were the feed and recycle heating, reactor, product
cooling then gas recycle compressor and separation of the 3 liquid streams, benzene,
toluene and xylene through 3 columns stabilizer columns, benzene columns, toluene

columns.

Then we distributed the cost of the common equipment to the 2 processes depending on
the contribution of that particular process like for example, the major distribution was of
the cost distribution of heat exchangers. And then the cost of heat exchanger was
distributed in the inverse proportion of the film coefficient of the 2 streams that were
involved in that particular exchanger, because the cost of heat exchanger is proportional
or varies with the area of the heat exchanger. There after we converted this lumped cost

diagram into cost allocation diagram.
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In which we distributed the particular cost for each operation to the 3 streams that were
involved in the operation, these were called as the cost elements. Now, cost elements
were 3 first the net fresh feed which is the sum of the gaseous feed that is hydrogen plus
impurity of methane and also the toluene liquid feed then the, gas recycle stream which
contain 40 percent hydrogen and 60 percent methane typically, and then the liquid
recycle stream. And then we arrived at the cost allocation diagram that we see on the



screen now, and there after we evaluated using this cost diagram, cost allocation diagram

various process alternatives.
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What were the process alternatives that we had at level 2 input output structure of the
flow sheet we had the alternative of purifying the hydrogen feed stream then we had the
alternative of recovery rather than recycle of the biphenyl then the use of the gas recycle

in the purge stream.
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There after at level 3, the recycle structure of the flow sheet. We had the option of using
the single reactor use of the recycle stream for the unreacted reactants. Then the third
design variable that we had major design variable that was the molar ratio of the 2
reactants, hydrogen and the aromatics at reactor inlet. Then the recycle gas compressor
then the mode of reactor operation whether, aerobatic or isothermal and finally, the
equilibrium limited area reactions the shift of equilibrium to favorable sides.

Now, in hydro de alkalization process biphenyl is the reversible products. So, shifting the
equilibrium to benzene sides is favorable shift and we saw how we can achieved it or
what are the, consequences of recycling biphenyl that are also were assessed in the last
lecture. Now, in this lecture, we shall see various energy integrated options of the hydro
de alkalization processes.

(Refer Slide Time: 04:33)
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What we saw in previous lectures, as just one option that you see on the screen, now.
But, there could be many, many alternatives and today, we shall analyst the cost
diagrams of these energy alternatives and more over we shall also prepare cost location
diagram for one of this alternatives. So, let us see the first problems the problem of
preparing the cost diagram for different energy alternatives.
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We are given 4 figures that show alternative flow sheet for energy integration for hydro
de alkalization process, to hydro de alkalization process of toluene to produce benzene,
the figures integrated inside the equipment boxes of the flow sheet are annualized capital
cost in 1000 dollars per year. And then numbers written outside the equipment box
indicate the annual cost of the utility, that is cooling water that we have indicated as the ¢
oblic w or steel indicated as STM or fuel for the furnace or power for the compressor
associated with each of that particular equipment. And the operating cost is also in 1000
dollar per year. We are given a table that give the film transfer coefficients of various
streams in the different flow sheet, corresponding to the figure number let us first see, the

flow sheets that we have.
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The first low sheet is that you have in screen. Here we have the reactor the effluent
stream then effluent stream first passes through FEHE feed to effluent exchanger there
after, it goes to water cooler. So, here we have only 1 FEHE, and then the fresh feed is
heated through a FEHE and furnace. Here, we see the recycle of toluene and biphenyl.
So, there are only 2 columns, and what you see are the numbers corresponding to the

annual capital cost.
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Then the second alternative, in the second alternative there are 2 heat effluent heat
exchangers, the effluent stream from the reactor enter the first second exchanger first
then it drives the re boiler column of the stabilizer column sorry it drives the re boiler to
the stabilizer column then it enters to a first feed to effluent exchanger thereafter, it
enters the final water cooler and thereafter the flash drum. The feed and recycle
hydrogen toluene are heated through the 2 exchangers as well as the furnace. That is the

second alternative for the energy integrated flow sheet.

(Refer Slide Time: 07:11)

The third alternative is now, on your screen here, we see that the benzene column re
boiler is being driven by the reactor effluent the stabilizer column has been given

separate stream for the re boiler, the rest of the flow sheet is more or less similar.
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And finally, fourth integrated flow sheet is that the reactor effluent first enters the second
FEHE there after it drives to the re boiler of stabilizer column there after, it drives to the
re boiler benzene column there after, it goes into FEHE one the first feed to effluent heat
exchanger and finally, into water cooler. So, we have to prepare the lumped cost diagram
or these 4 flow sheets. And we are give the film transfer coefficient for each of the
streams.
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Now, let us start with first flow sheet. Preparation of lumped cost diagram, the operation
that we have cost components or the operations for which we will list the cost are first
the reactor then the feed and recycle heating, the product cooling then the 2 columns and
finally, the gas recycle or recycler compressor. So, these are our cost components and we

shall now, lumped the cost for each of these components let us start with figure.

(Refer Slide Time: 09:53)

Here we have only one heat exchanger whose capital cost we have to distribute between,
the 2 streams that is heating stream. Stream 1 is the reactor feed and stream 2 is reactor
effluent, we are given the heat transfer co efficient as 0.69 kilo watt temperature kilo per
meter Calvin for reactor feed and again 0.69 kilo watt per meter square kilo per Calvin
for reactor effluent, we have to distribute that cost. And since, the co efficient are same

the cost will be distributed equally.
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That point we note, figure 1, only energy integrated exchanger is FEHE 1 cost divided in
proportion of inverse of the film co efficient that we denote by h of the process stream
involved in it. Stream in the exchanger is reactor feed the co efficient h i is 0.69 kilo watt
per meter kilo square Calvin. Then the second stream 2 is reactor effluent the film co
efficient is 0.69 and the cost is divided half in 10,000 dollars. So, with that we collect the
cost associated with each of the given component first the feed and recycle heating.

(Refer Slide Time: 12:27)
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Feed recycle heating takes place through FEHE 1 and the furnace. So, those 2 things we
add.
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The furnace cost 65 plus 200 fixed cost and operating cost plus the portion of FEHE and
the total cost is thus 285. Then the product cooling occurs to.

(Refer Slide Time: 13:08)
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Through FEHE one as well as the condenser has the annual capital cost 20000 dollars
and cooling watt of cost 40000.



(Refer Slide Time: 13:16)

-_.m___ﬂ

DdePid 10PCrwm . [(JH7 -GS~

= g o.,.bl ety ..!t&'r‘hﬂ.} qm.%nw-‘d\. b PEHE -
(asr GAAD of - Ok oan Lrtam wlead

Pre Cm-w' :“"‘:"- ) e
feathor 663 $30 ,_.H“’,“‘,_' o-6n %10

ferd and veyde aax
© &S-n.;?'*l“ "1 = 24T

s | ARE |
Bodner crilice. 20440 + 22 =
@ l‘T wareh, porlen FEHE

® Reacnwr:. 200

So, those two things we had. 20 plus 40 for water cooler plus the portion of FEHE 1 and
then the total is 80 then the third is the reactor has the total cost 200 that we take as it is
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Then the recycle compressor.
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Has the 50,000 dollars as the annualized capital cost and 60,000 dollar of power.
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So, those two thing add 50 plus 60 110 then the stabilizer column for the re boiler.

(Refer Slide Time: 14:44)
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15 for the 50,000 dollar has the annual capital cost of the re boiler and 30,000 dollar

stream required.
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And then the cost of column itself 25,000 dollars. So, these add up to 70,000. Then
benzene column 20 plus 45 for the re boiler.
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Then 20 plus 50 and 20 plus 10 for the 2 condenser and 75,000 for column itself.
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This together comes out to be 240. And then if you put all this numbers in the boxes, we
get lumped cost diagram for that particular flow sheet. We are now, connecting these
boxes each boxes integrate the particular operation, now we have not given any
information about the cost of recycle purge. So, that it is not indicated here, we are now
putting different numbers 2,00,000 dollar capital cost the annualized capital cost reactor

100 and 10,000 dollar per gas compression 2,25,000 dollar for feed and recycle heating



2,40,000 dollars for benzene column 70,000 dollars for stabilizer column and 80,000
dollar for product cooling. And this completes our lumped cost diagram for process
alternative 1. Now, we can proceed similar way for other diagrams now, | will do a bit
fast because | have already explained in detail we have to follow the similar procedure
for the other flow sheets. Now, let us take flow sheet 2, in flow sheet 2 we have 3 energy

integrations exchangers.
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FEHE 1 then FEHE 2.
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The re boiler of step laser column. So, we have to distribute the cost according to the

film co efficient of the streams that are involved in each of these 3 exchangers.
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So, that point we note now, figure 2 cost distribution for energy integrated exchangers
FEHE 1 FEHE 2 and stabilizer re boiler. And then the streams involved feed, a effluent
reactor effluent then we are given the h i heat transfer co efficient 0.69, 1.57, 0.69 then
the allocated cost then stream 2 for FEHE 1 stream 2 is reactor fluent. Second now, also
reactor fluent and for the third it is stabilizer bottom the film coefficients are 0.69, 0.69
1.57and then the cost.

The total cost of FEHE 1 is 40,000 dollars less capital cost. Since, the 2 coefficient are
same we distribute equally then for the second FEHE 2 the total cost is again 40 but
stream coefficients are not same feed has higher coefficient. So, lesser cost and that we
have already seen how to do it is in inverse proportion of h i. So, now, | write directly the
answer you can very easily calculate yourself. Low coefficient high cost 1.1 divided by
0.69 divided by 1 divided 0.69 plus 1 divided by 1.57 into 40, is what is 28. Similarly,
for stabilizer the column the total analyze capital is 15,000 dollars that is distributed in
inverse proportion of film coefficients, high film co efficient low cost. So, 0.69 1.57 is

gives the distribution 5 and 10.

Now, having done this we now, collect the cost associated with each of the operation

cost collection for each cost component. Now, | am giving directly the answer you can



verify yourself feed and recycle heating 65 plus 200 furnace plus 12 FEHE 2 plus 20
FEHE 1 total 2, 97,000 dollars. And second product cooling 20 plus 40 for the water
cooler plus 20 for FEHE 1 plus 28 for FEHE 2 plus 10 for stabilizer re boiler, together it
adds up to 118. Next the reactor here, we do not have any allocation. So, direct 200

dollars.
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Then the next one is the recycle compressor, here also the cost remains the same as the
previous flow sheet and there is no future distribution 50 plus 60 50,000 dollars
annualized capital cost 60,000 dollar power. So, total 110,000 dollars stabilizer column
25,000 dollars for the shell that is the mean body plus the plates and 5000 dollars for re
boiler. So, total 30. And then benzene column 20 plus 50 for condenser plus 20 plus 10
the after cooler plus 75 for column shell plus 20 plus 45 for the re boiler and then total
gives 240.

Now, we put all this cost in boxes and then connect them to make the final diagram.
Reactor, gas compressor feed plus recycle heat, product cooling, stabilizer, benzene
column and then we join these things. And now, we put number reactor 200, feed recycle
heat 297, gas compression 110, product cooling 100, and 18 stabilizer column 30 and
benzene column 240. And this completes our cost sorry the lumped cost diagram for the
second alternative. Now, | will give the answer directly for the third and fourth and |

leave it as an exercise for you to solve.
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Now, let me briefly give the description here we have in the third alternative we have 2

exchangers. So, we have to distribute the cost of the 2 exchangers plus the benzene re

boiler now.
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We first see the distribution of cost of energy integrated column FEHE 1, FEHE 2 and
benzene re boiler and now 1 directly give the cost total cost 40 40 and 20. So, that is
distributed among stream 1 and stream 2 feed 20 feed 12 bottoms 6 stream 2 a effluent

20 stream 2 is effluent reactor effluent in all 3 cases. So, for FEHE 1 20,000 dollar is the



share of effluent. FEHE 2 28,000 dollar is the share of effluent and benzene re boiler
14,000 dollar is the share of effluent. Now, having distributed this the total cost for each
component or operation | directly give the final figure I leave the exact break up to you,
feed recycle heating 2,970,000 dollars product cooling 1,22,000 dollars reactor 200.
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Then the recycle compressor 110, stabilizer columns 70 and benzene column 181. And
same thing in block diagram and now we put the numbers inside gas compression 110,
stabilizer columns 70, benzene column 18,1 feed and recycle heat 297, reactor 200 and
product cooling 122. So, this give the lumped cost diagram for energy integrated flow
sheet 3 or process alternative 3, for the fourth one | am directly going to give lumped

cost diagram.
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In fourth alternative we have 4 exchange integrated FEHE 1, FEHE 2.
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Then re boilers of both columns. So, we have to distribute the cost you have been given

the film co efficient in the table.
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We have given film co efficient in the table FEHE 1 etcetera re boiler of benzene column
re boiler of toluene column now, you distribute the cost and then finally, you can obtain

lumped cost diagram as follows.
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Reactor 200, product cooling 132, feed recycle heat 297, gas recycle compression 110,
benzene column 181 and stabilizer column 30. So, this energy sorry the elm cost diagram
for the process alternative 4. So, that completes our first part of our tutorial. Now, we

have to go future for preparation of cost allocation diagram. Now, as | mentioned in



previous lecture cost location diagram is prepared from the lumped cost diagram by
allocating the cost elm, cost component reactor and product cooling and feed recycling to
the 3 steam that are involved in that particular operation or component. And the 3 steam
are net fresh feed, gas recycle and liquid recycle. Now, we shall try to prepare the cost
allocation diagram for the alternative 2.

(Refer Slide Time: 35:30)
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Figme | shows the general fowsheet for the hydro-dealkylation (HDA) process fos
lueme (10 pEoducs tenzone ) and Fipme 2 obows e COETEY eETated veraoa of waine
Tha Dgwes usbssied meande the eqpupusent boves of the suasy wismaiad fow shet ue
ammabized caputal costs (m - 10" yesr) snad the mmbers written ontsde the equipment
box indicate smnual cost of e wility. (¢ Ccooling Watsr (indicated & CW) OF Wemn
(indicated as STM) or fued or power. sssociated with that equpment (sgsin m - 10"
Lyear) Table | grves the film tramafer cosfficients for vanous stresmw in the differen
heat @ hangens

Frepare COAT ALLOC ATION DEAGRAM for this flow dhest wirth following € ssi
Elements: (5) Not Frash Foad (NFF) () Gas Racycle (OR ) anad (1) Lupud Racycle
(LR The major Cost € ampanrah we (1) Gas recycle beating. (2 ) G recycle
Comigreeat, (1) Food lsating. (4) Resctor, (%) Prodict cooling. {61 Stabnlier colimn, 10}
Bewene column, ) Liguad recy<le besimg

Process Parsmeters
(1) Reacton cotrvarsion = 607, () Molai istio of M sromatic st iescton mbet = 2, (1)
C omposition of 11y in paige @as = 0% (1) Prodedtion rate of Denrene = 300 ki mol b

(%) Selectipyiry = 0.9 (6) Equilibwinm constant for Sipheny! fovmation reaction = 0 24 (s
e tion e, (7 ) Food gas (fresh) composition = Hj; - %%, CHy- %%
Plivsieal Properties

Heat capacings (1 mol K Benrens (lkpud) = 139, Benrens (vapor) = 52, Toluene
ligquid) = | %6, Toluene (vapor) = 104, Hydiogen = 29, Methane ~ 36
Boiling powts ("C): Toluene = 110, Bearene = 80

Now, we need some more information for that which now, appears on your screen this is
the second problem of tutorial figure 1 shows the general flow sheet of hydro de
alkalization process.
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Figure 10 General Mow sheet for hydie dealkylation of taliene 1o produce benrens

This we have seen several times before this is general flow sheet indicating various

temperatures and flow of the steams.
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Figme | shows the peneval fowsheet for the hydro-dealkylation (HDA) process for
toluens (10 produce bensone) and Figme o shows e aeTgy mtcgmated \erion of e .
The fupmer uxbcaiod mads the equipsent boves of the margy wis@aial Jow sheot ae
aaiired capital costs (10" L year) and the munbers written outsude the equipnent
box indicate smmual cost of e wility. Le cooling water (indicated & c'W) OF WeMn
(imdscated av STAM) or fuel or power, sssocisted with that equpment (again w - 10"
Lyeary Table | grves the flm wesfer cosfficients for vanons stresms in the different
haat exchangers

Frapare € OAT ALLOCATION DIAGRAM for this flow shest with following € est
Elements: (3) Not Frosh Foad (NTFF) (b)) Gas Racyche (GR ) anad (1) Luqad Racycls
(LR). The major Cost Componeats are (1) Gas recycle heating, () Gas pecycle
wonggaseed, (3| Food heatimg. (4) Beagton, (%) Product cooling, (6) Stalabiza cohmn, 16)
Beaueme colmamn. (™) Liguid recycle beaimg

Piocess Pai aimeteis

(1) Reacior conversion = 0%, () Molai iatio of Hy'arcistic o rescior mlet = 1, 0))
Composition of 11 in page gae = 0% (1) Prodaction mte of Nenfene = 300 kg mol
(%) Selectivity = 0.9, (6) Equilitwiiun conviant for dipheny! fonmation reaction = 0.24 (st
vesction i), (7) Foed gas (fresh) compostion = Hj - 9%%, CH,- %%

Phrvical

Heat capacities (1'mol K Benrens (lkpuid) = 135, Benrens (vapor) = 82, Tolusne
(ligquad) = | 36, Toluene (vapor) = 104, Hydiogen = 29, Methane = 34

Boiling powts ("C). Toluene = 110, Bensens = 80 -

Figure 2 shows the energy integrated origin of the same.
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Now, what our process alternative 2 in which we had 2 FEHE and 2 re boiler column

sorry 2 re boiler integrated.
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Figwe | shows the peneval fowsheet for the hydro-dealkylanon (HDA) process for o

tolucns (10 produce benzene) and Figmre 2 shows the eneTgy imtegrated veruon of same
The fupees uxbcated meade the equipmiend boves of e mas wismaiad fow shest uw
annuaiired capital costs (m - 10" $yes ) mnd the mumnbers witten outside the equipment
box indicate anmual cost of e wility. Lo cooling Walsr (indicated i CW) OF elemm
(indicated as STM) or fuel or power, sssocisted with thal equipment (agsin w - 10
Syear) Table | grves the flm tramafer cosfficients for vanoms streams in the different
haat eichangers

Prepare COAT ALLOC ATION DIAGRAM for this flow dseet with followmng ©est
Elements: (5) Net Frosh Foad (NFF ) (b) Gas Racyche (OR o amad (1) L Racycle
(LR} The major Cost C omponrats are (1) Gas recycle heating, ( ) Gas recycle
oAt |3 ) Food heating. (4) Resctod, (%) Prodict (ooling. (6) Stabalifer colmnn, (6)
Bewene colmun, ”) Ligued resycle besimg

Process Parsmeters
(1) Reacton cotrvaivion = 807, () Molal mtio of Mxsronstic st iesctor et = 2,03}
C omposition of 1y i paigd gas = 0% (1) Prodaction iste of Nenrens = 300 kg mol b

%) Selectivaty = 0 @, (6) Equilitwivm <omvian! for SGipheny! fonmation resction = 0 24 (at
vosction i, (7 ) Feed gas (Bresk) compostion = H; - 9%%. CHa- %%
Phvsical Properties

Heat capacities (1'mol K Benrens (lipuad) = 13%, Benrens (vapor) = 82 Toluene
(liquad) = |56, Toluene (vapor) = 104, Hydrogen = 29, Methane ~ 26
Boilmg powmis ("C). Toluene = 110, Benzene = 80

BEU B R N v s

Now, we have to prepare cost allocation diagram. The co efficient remains the same as
given earlier in problem one, but; however, we have now, the 3 cost elements, net fresh
feed gas recycle and liquid recycle major cost component again are the same as before
gas recycling heating, gas recycling compression, feed heating, reactor, product cooling,
stabilizer column, benzene column and liquid recycle heating. The process parameters

now are.
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(LR} The major Cost Componrats are: (1) Gas recycle besting. (2) Gas recycle
compressor (V) Feed heating. (1) Reactor, (%) Product cooling, (4 ) Stabilirer colimnn. (8)
Benfene column. (™) Liguid recycle heating

Process Parsmeters

(1) Resctor comversion = 607, (1) Molar ratio of H aromsstic ot resctor @mbet = 4, ())
Comgpoition of H; i e gas = 0% (4) Prodection iele of Beiitene = 200 Lg mol b
(%) Sebecinaty = 0.9, (8) Equubibwi coustani fov dipbeny! lonuaion reactiion = 024 (af o
reaction temp). (7) Feed gas (fresh) composition = Hj - 9%, CH- %%

Plvsical Properties

Heat capacities (mol K Bensone (laqud) = 152, Bensene (vapor) = 82, Toluene
(liguid) = | 28, Toluene (vapor) = 104, Hydrogen = 29, Methane = 14

Noiling points (°C) Toluene = 110. Nenrene = 80

Latent beats (b wwol} Bansens = 30, Toloame = 32

Cout Dats

Tolnene = § 164 %§ mol. Denrene = 1 3%y mol. Hydrogem = § 1§ inol

Fuel = § 410" BTU

(Puel vaines Hydrogen = 0 123 - 10" Brmel. Methane = 0 383 - 10" Bra'mel)

You may make followmg wo unsplifymg sssampiion

(1) Pluvse split in the flash dron i perfect. which means that gas leaving tha flash drm (o
mirxhare of ydrogen and methane ) does nor contain sny vapor of woluene of benrens

12) Since the dipheny] smoust i recycle sireaim iv relatively mach sinalles e tolivene. gore
i bwat dubies associated with it whide caloulating the heat loads Tor ligpaid recyile and
nat fresh fesd

135 Splin i benrens column i perfect Wil [00% recovery of benzee s divillate sl (0%
recovery of ioloene and dipheny! m bottonn Amount of hydrogen sl methane cutmg
from stablizer colmmn i+ neglimble

OB e R TR

Reactor per pass conversion 60 percent, molar ratio of hydro aromatic set reactor in let 5
composition of hydrogen in purge gas 50 percent, production rate of benzene 300 kilo
moles per hour, selectivity at transcend conditions 0.9. However, if you see now, the

flow sheet.
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Here you will see that the toluene and biphenyl are recycle to the reactor. Therefore, at
steady state the amount of biphenyl in the process remains constant it builds to an

equilibrium level and there after it remains constant. And at that condition, at that



particular steady state all of the fresh toluene gets converted only to benzene with
selectivity equal 1. So, selectivity 0.9 is for transcend condition, steady state selectivity is

1 in case of biphenyl recycle.
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LR} The major Coul Companenis are (1) Gas redy

compressor. ( 4) Feed heating. (1) Reacior. (%) Produci cooling

Benseme column. (7 Liguid recycle heating

Frocrss Parameten

mversion = 60%. (o) Molar atio of
of H; i prge gas = %0%. (4) Production ras
y =09 {6) Equilitwnun constant for dipbem

I Bensene = 300 ba mol b
wmation resction = 0 24 (at
reaction templ. (7) Fead gas (Bresh) componition = M: - 9%%, CH, - %%
Fhysical Proprriies
apacities (1'mol K) Bonzens ( laguid) = 134, Benrens (vapor) = §2. Tolume
apors = 104, Hydrogen = 19, Mathane = 44
110, Benzens = &

s recot ety of bensene i distillate snd 1000

¥ Split in bentene il iv perfect with |
recovery of ioluene and dephenyl m bofionn. Assouni of hydrogen ssl neiluse euting

Then equilibrium cost and for biphenyl formation 0.24 at reaction temperature, feed gas
composition, hydrogen 95 percent, methane 5 percent. We are given several physical
properties heat capacity in joule per mole per Calvin benzene 135, liquid state benzene
vapor 82, toluene liquid 156, toluene vapor 104, hydrogen 29, methane 36, joule per
mole per Calvin all of heat capacities, then the boiling points are toluene 110 and
benzene 80, latent heats benzene 30, that is in liquid status of course, oh sorry liquid to
vapor state the latent heat benzene is 30 kilo joule per mole and toluene is 32 kilo joule

per mole.

The heat required for the face transformation from liquid to vapor that is latent heat.
Then the cost data, toluene cost has been given as 16 dollars per kg mole, benzene 9
dollar per kg mole, hydrogen 1 dollar per kg mole, fuel cost is 4 dollar 4 per million
BTU I have already given the conversion of BTU to kilo joule. And fuel value are
hydrogen 0.123 into10 to the power 6 BTU per mole or 0.123 million BTU we can 0.383

million BTU we can we are allowed to give make certain simplify assumptions.
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FEME 2 1 1.47 {Rencior foed) | 0.69 {Resctor sffhuent)
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First assumption is that face splits term is perfect which we means that gas living in flash
drum a mixture of hydrogen and methane, does not contain any vapor of toluene and
benzene of course, this is not the realistic assumption, but for our initial calculation we
can make that particular assumption. Because, the quantity of benzene and toluene
giving with that particular gas relatively small compared to the production rate or rate of

the total feed of toluene.

Now, the second assumption is biphenyl in the recycle much smaller than toluene. So,
ignore the heat duty associated with it while, calculating the heat loads, and the third
assumption is that split in benzene column is perfect with 100 percent recovery of
benzene in distilled 100 percent of toluene and biphenyl in bottoms, amount of hydrogen
methane existing comes stabilizer column can be taken as negligible. So, with this
assumption and with this data, we have to prepare a cost allocation diagram.
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Now, we have already made lumped cost diagram in previous exercise which is right
there on your screen. And now, we start with that particular thing let us now, write down

all the parameters that are given.
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Parameters for mass and energy balance, production data of benzene that we denote by P
B 300 kg per mole per hour y P H mole fraction of hydrogen in per jigas 0.5, molar
ration of hydrogen to aromatics reactor inlet 5 per pass conversion that we denote by X is



0.6, then equilibrium constant K e q is 0.24 in reactor temperature and y F H the mole

fraction of hydrogen in fresh gas or makeup gas is 0.95.

Now, with this parameters | am going to give you the mass balance directly, but you can
very easily calculate it I will list I will give for you convince formulae F F T the Feed
data Fresh Toluene is P B by S. Since, S is 1 it is equal to P B then total feed rate of
toluene F T is F F T by x, then fresh gas is P B by S into 1 minus 1 minus y P H into 1
minus S by 2 divided by y F H minus y P H all of this formulae we have derived in
module 2.

So, you are suppose to go back to module 2 and revise to see how this formula have
come per jigas is fresh gas plus P B into 1 minus 2 S R G recycle gas is equal to P B
divided by S into y P H into M R by x minus Y F H divided by Y F H minus Y P H.
Now, this formula we have already derived we are simply going to put this numbers into
this formula and then obtain the following values. Benzene we are given 300 kg mole per

hour then toluene 200 kg per hour.
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Then hydrogen 2200 kg mole per hour, methane 2167 kg mole per hour and diphnial is
9.8 kg mole per hour. This is the composition of reactor effluent, the fresh gas F G is 667
kg per mole hour, for each gas P G is also 667 kg mole per hour and recycle gas R G is

3733 kg mole per hour.



Now, if we split the reactor effluent into recycle purge and then calculate the feed steam
composition. Then we get following values feed stream fresh toluene will be equal to
300 kg mole per hour because that is production rate of benzene, then recycle toluene we
assume complete recovery and recycle. So, all of the un reacted toluene that is there as

we listed in previous is this thing toluene on the reacted toluene.
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This is reactor outlet composition what we have listed before.
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Now we are writing the reactor inlet composition or the feed streams recycle toluene 200
kg per hour. Then fresh hydrogen that will be 0.95 times the fresh gas 633 kg mole per

hour.
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Then recycle hydrogen, that will be 50 percent of the recycle gas 0.5 to recycle gas that
is 1867 kg mole per hour. Then fresh methane like methane that enters the impurity with
the fresh gas that is fresh methane that is equal to 5 percent of the gas 33.3 kg mole per
hour or you can take only 33 for simplification and recycle methane is 50 percent of
recycle gas that is again 1867 kg mole per hour. The purge gas total is 667, so purge
hydrogen is 334 kg mole per hour and purge methane is 333 kg mole per hour. And now,
we have to calculate the heat duty of each of these streams, having done the material
balance we have to do the energy balance for flow sheet. Now, to do the energy balance
we have to look at the various temperature that are involved in flow sheet.
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Here you can see that the fresh gas is heated from 311 Calvin to at 95 Calvin, the recycle
gas heated from 328 Calvin to 895 Calvin, the recycle toluene and biphenyl is heated
from 391 Calvin to 895 Calvin and fresh toluene heated from 298 Calvin to 895 Calvin.
Now, if we have to calculate activity on all the components, like fresh hydrogen recycle
hydrogen, fresh methane recycle methane fresh toluene and recycle toluene and benzene,
so on and so forth. Then we have to take into consideration the sensible heat plus the

heat of exchange in case of toluene and benzene and then the super heating of the vapor.

Now, we shall see the heat duty
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Now, let us say the heat duty of fresh toluene, heat duty we denote by letter Q fresh
toluene, the liquid toluene has heat capacity of 156 joule pre mole per Calvin it is heated
from 298 to it is boiling point, which is 110 degree centigrade or 383 Calvin. So, this is
the sensible heat 300 kg mole is the feed plus the heat require for the face exchange that
is 32,000 joule per mole or joule kilo per mole is the latent heat into 300 kilo mole per
hour plus the separating of the 300 kilo moles of vapor the heat capacity of the kilo mole

is 104 and the super heating from the boiling 0.383 to 895 Calvin.

So, this the total heat that is absorbed or that is require for heating fresh toluene, that
turns out to be 29.55 giga joule per hour. And similarly, we can calculate the heat duty
on other streams; you must note that for recycle toluene the temperature is 395 Calvin,
which is higher than the boiling point of the pure toluene, which is 383 Calvin, and this
due to presence of biphenyl in the recycle stream. If you see the flow sheet that was there

you have the flow sheet indicate recycle of biphenyl.
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Here and therefore, the temperature of recycle toluene is slightly higher, than the boiling

point of toluene. So, but those minor things we are going to ignore in our calculation.
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Now, the heat duty on fresh hydrogen. Q fresh hydrogen, the total moles of fresh
hydrogen are 633.3 kilo mole per hour into the latent heat 29 kilo joule per kilo mole per
Calvin into the temperature that is the fresh hydrogen is heated from 311 Calvin to 895
Calvin. So, this together comes out to be 10.7 giga joule per hour. And now, | will give
the other heat duties you can calculate your self it is pretty straight forward recycle
hydrogen 1867 kilo mole per hour 29 the heat capacity and same temperatures 395, but
from 328 Calvin.

This turns out to be 30.7 giga joule per hour, then the heat duty for fresh methane 33.3
kilo mole per hour into the temperature 895 minus 311 into 36 the heat capacity 0.7 giga
mole per hour. Then Q for recycle methane 1867 molar flow rate temperature 895 minus
328 into 36 38.1 giga joule per hour. Now, if you see the recycle heat load, recycle gas
heat load you have to sum up the heat load on hydrogen and methane. Recycle hydrogen
like this heat load 30.7 plus 38.1 that turns out to be 68.8 giga joule per hour. Then fresh
gas load fresh, that will be 10.72 basically, this one 10.72 plus 0.7, so 11.42 giga joule
kilo per hour. Now, when we say net fresh feed heat duty, we have to add up heat duty
fresh toluene, fresh hydrogen and fresh methane. Now, fresh toluene oh sorry fresh

hydrogen plus fresh methane we just calculated 11.42 plus fresh.
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Toluene we calculated as 29.55 that we add here.
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This turn out to be 40.97 giga joule per hour. So, that is the net fresh heat duty.
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Now, we have to calculate the heat given up during product cooling from 895 Calvin to
311 Calvin. So, this temperature is same for all, first product benzene the total
production rate is 300 the vapor heat capacity 82 from 895 gets cooled to it is saturation
temperature 80 degree centigrade or 353 Calvin plus 300 into 30,000 that is the heat
associated with face change heat liberated during face change plus the sub cooling of the
exchange 300 into 135 that is liquid face heat capacity of benzene into 353 minus 311
that turn out to be 24.03 giga joule per hour.

Similarly, for toluene 200 mole toluene remain un reacted the vapor face heat capacity
104 from 895 to it is saturation temperature 383 plus the face change latent heat 200 into
32,000 plus 200 into 156 latent heat in liquid face from saturation temperature to 311
Calvin this comes out to be 19.3 giga joule per hour. And then for hydrogen 2200 is the
exit flow rate into 29 heat capacity into 895 minus 311 this is to 37.26 giga joule per

hour and for methane.

It is 2167 into 36 into 895 minus 311 that is 45.56 giga joule per hour. Now, the total
heat given up by condensable components like toluene plus benzene which ultimately
end up in liquid face is 43.33 giga joule per hour and total heat given by hydrogen plus
methane gives 82.82 giga joule per hour. Now, the heat given up during product cooling
as to be distributed between fresh feed and recycle feed that is liquid as well as gas feed

in the proportion of molar flows product forms from the feed streams this is the strategy



we adopted while preparing the cost allocation diagram. In the previous lecture we had
the toluene feed fresh feed to recycle in the ratio 3 as to 1. So, we split all the cost of the
column in the ratio 3 as to 1, here it is different. So, we have to first allocate the heat

duty in the proportion of molar flow rates and there after distribute the cost.
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We have total heat given up by liquid streams 43.33.
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Now fresh toluene is 300 recycle toluene is 200 therefore, we have to distribute the heat
duty in the proportion 3 as to 5 and 2 has to 5 for the net fresh feed and the recycle feed.
So, that we do now, liquid fresh feed heat duty like the component of product cooling
heat duty associates with liquid fresh feed is 43.33 into 3 by 5 that is 26 giga joule per
hour than recycle heat duty or the fractions of product cooling heat duty allocate to

recycle stream is 2 by 5 into 43 by 3, that is 17.33 giga joule per hour.

Similarly, the total gas feed is 667 of the fresh gas plus 3734 of recycle gas. And
therefore, the heat duty on cooling of the gas component, gas product component will be
allocate to fresh stream and recycle stream in this proportions the total heat duty as we
calculated was 82.82 giga joule per hour that we are going to distribute now, 12.55 giga
joule per hour for the fresh feed and recycle feed 70.27 giga joule per hour. And now,

with this we can prepare heat duty table.
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Stream, operation, heat load giga joule per hour and allocated cost the 3 streams cost
elements as we called them are gas recycle, liquid recycle and fresh feed and we just
distributed the heat duties the total gas heat recycle of component of product cooling heat
duty was 70.27 we just calculated here 70.27 this 1. So, that we list here liquid recycle
was 17.33 and fresh feed was 38.55. Similarly, the fresh reactor feed heating the gas

recycle heating as we calculated here.
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Was 68.8 than fresh gas for net fresh heating was 40.97 and then liquid recycle was
16.88.

(Refer Slide Time: 1:05:32)

LR WA Ul
i e i Geieen  feeh Sy

) e Pl 0P C e - [RGB

Hear Duty Tasle

—— . T e '14‘“"1""1; ﬁFm«hvu M=
S| gl (R
fow Regde | 03] | T35 | 668 | lwg
Lopsd vpdld 17:33 |'I it | | wg | s1¢
F;n = ear | 4o i f o | 54|
‘_'J.-g 5 . 1247 Lt

The total cost of product cooling as we found in cost allocation diagram was 132000
dollars the total cost reactor cost feed heating as we found in cost allocation diagram was
around 297000 dollars. Now, distribute these in total quantity proportion of the heat
loads. Total heat load of product cooling is 126.15 giga joule per hour the total heat load

on heat power is 126.7 giga joule per hour, and then we distribute accordingly the cost. It



is just 70.27 divided by 126.15 into 132 is 73.5 like that. Similarly, here 68.8 divided by
126.7 into 297 is 161.3 and similarly, the other cost 96.5. Now, having done this we can
now, make a cost allocation diagram after we distribute the cost of reactors and stabilizer

and benzene column as per the molar flow rates.
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So, the cost distribution of reactor, benzene column and stabilizer column. Stream gas
recycle, liquid recycle that is toluene plus biphenyl and fresh feed, this hydrogen plus
toluene plus methanol of course, of a flow rates we have already calculated you have to
only summed them up, gas recycle kilo mole per hour 37 gas recycle 3733 kilo mole per
hour. Now, liquid recycle was 200 toluene you can a calculate with the k equivalent that
is given the equilibrium quantity of biphenyl that is present which state forwards you

have done in previous exercisers.

So, I am not going to tell here, 1 it is left as a exercise, but | give the final answer, that is
the equilibrium quantity of biphenyl in the present situation will be 9.8 kilo mole per
hour. So, 200 plus 9.8 that approximately tick as 210 moles than fresh hydrogen 633.3 or
just 633 you can take and the toluene the fresh toluene 300 moles 933. And then we
distribute the cost of reactor, stabilizer and benzene column as per this reactor the total
cost was 200,000 dollars distributed in proportion the total molecular by the way is

4876.3 you can approximately take 4876.



And then distribute the cost 153 8.6 38.3 or 153.1 to be get exact. Then the stabilizer
column, there is no recycle gas recycles in the stabilizer. So, that is 0 and then the total
30,000 dollars are distributed in proportion 18 as to 12 to liquid recycle and fresh feed
than benzene column, the total cost was 181000 dollars distributed as 109 and 72 other
dollars in proportion of liquid recycle fresh feed. Now, having done this we can, now

prepare the cost allocation diagram.
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Cost components are, reactor cost elements every where, cost elementary gas recycle net
fresh feed liquid recycle. I am showing now, the products that comes out of stabilizer H
2 plus H 4 and the product of benzene column benzene. Now, we pick up all the numbers
that are given in previous pages well, for reactor 153 38 9 for product cooling 74 40 18
these are adjusted to nearest integer in some cases gas recycle compression 110 0 0 gas
recycle heating 161.3 0 0 or you can take just 161.

Than net fresh feed heating gas recycle 0 net fresh feed 96 liquid recycle O toluene
recycle heating gas recycle component 0 N F F 0 L R the liquid recycle 39.6 or you can
take as 40 approximately benzene column gas recycle 0 net fresh feed 72 liquid recycle
109 stabilizer gas recycle 0 net fresh feed 12, and liquid recycle 18. And this completes
the cost allocation diagram. However we have not shown in this cost allocation diagram

that losses that our in the system.



For example, what are the losses well the first loss is that the loss of benzene in the purge
stream we have assume the perfect stream in flash term. So, there is the loss of benzene
and toluene to benzene and purge, so there is always some loss. Than the porch gas itself
loss that loss we can estimate the total hydrogen in the purge is 333.3. So, if you multiply
by that by 8000 hours per year and a cost of hydrogen per kg converting multiplying by 2
further of the molecular weight you can estimate the exact loss of hydrogen and toluene

and benzene.

For toluene and benzene you will have to do the flash calculations which are available in
any standards texts like mass transfer operation bulk flash calculation will also be
covered in the mass transfer operations course. So, this is how we prepare cost allocation
diagram. And now this completes our tutorial as well as module on cost diagram side and

big screening of processes alternative.



