Lecture 7 : Sizing, Costing & Economic
Evaluation

Chapters 4 & 5 (Textbook)

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani



Ethanol Process: Design Problem (from Textbook)
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FIGURY 3.1 Ethano! flowsheet.

We have now
performed mass and
energy balance.

We have added
pumps/compressors,
heat exchangers
wherever necessary.

Now we need to do the
sizing calculations for
all unit operations in
the flowhseet.

Costing & Economic
analysis
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Sizing & Costing Calculations (chapter 4) plus
Economic Analysis (chapter 5)

Data collection & design problem definition
*Flowsheet (tasks 1-3)
*Mass balance (task 4)
*Mass & energy balance (simple) — tasks 5-6
*Mass & energy balance (detailed) — task 7
*Sizing calculations
*Costing calculations
*Fixed Capital cost
*Operating (manufacturing) cost
*Economic Analysis (tasks 8-9)
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Mass and Energy balances for Ethanol Process Flowsheet (task 7)
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Sizing & Costing Calculations
. Prepare a list of unit operations found in the flowsheet

Il1. For each unit operation, find a design that matches
the calculated input-output conditions to obtain the
sizing parameters

[11. Use the sizing parameters to determine the cost of
each unit operation

Decisions that need to be made
Choice of equipment type
Choice of pressure (already made)
Choice of material

Other parameters specific to the unit operation
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Sizing & Costing Calculations

Step I: Prepare a list of unit operations found in the flowsheet

Flow-pressure

pumps, compressors, expansion valves, ...
Heat exchange

shell & tube, condensers, reboilers, furnace
Reactors

plug-flow, CSTR, fluidized bed, ....
Separation (heat & mass transfer) - equilibrium

distillation, absorption, crystallization, ....
Separation (heat & mass transfer) - nonequilibrium

membrane-based, centrifuge, drying, ....
Other

refrigeration cycle, heat pump cycle, dryer, tank
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Sizing & Costing Calculations

Step I1: For each unit operation, find a design that matches the
calculated input-output conditions to obtain the sizing parameters

Unit operation Equipment Equipment type Sizln arameters \

Distillation column Pressure vessel Vertical lameter), L (height)

Absorption column

Extraction column

Tankstorage |

Extraction column Pressure vessel Horizontal D (diameter), L (length)

Tank (storage)

Furnace Processing equipment Vessel+ tubes S (absorbed heat=energy/h)

Direct fired heater

Heat exchanger Processing equipment Shell & tube S (area)

Air cooler Processing equipment Vessel + tubes \ S(area) [

Pumps Processing equipment Centrifugal \ S (C/H factor) /

Compressor Processing equipment Adiabatic/isothermal; \ S (brake horse power)
motordriven

Compressor Processing equipment Adiabatic/isothermal; (brake horse power)
turbinedriven \ /

Refrigeration Processing equipment Complete network S {tﬁenergy remwed%}

Course: Process Design Principles & Methods, L7, PSE for SPEED, RaW 7
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Sizing & Costing Calculations

Step I1: For each unit operation, find a design that matches the
calculated input-output conditions to obtain the sizipg-parameters

Unit operation

Equipment type

Sizing parameters

Ca)djlation procedur\é\

Distillation column | Vertical D (diameter), L (height) ;ée exampled4.lin textbqok*
Absorption column Seeexample 4.1 in textbo\qk*
Extraction column Seeexample 4.1 in textboo\é*
Tankstorage / V=2 (Ft/p);see Eq. 4.1 \
Extraction column Horizontal Similarto example 4.1

Tank (storage)

D (diameter), L (length) /

V=2 (Ft/p);see Eq. 4.1 ‘

Furnace

Vessel + tubes

S (absorbed heat=

See Perry’s Handbook

Direct fired heater energy/h) See Perry’s Handbook

Heat exchanger Shell & tube S (area) Eqg.4.4 plus table 4.3*

Air cooler Vessel + tubes S (area) Eg.4.4 plus table 4.3*

Pumps Centrifugal S (C/H factor) \ See textbook™®, Perry’s /

Compressor Adiabatic/isothermal; | S (brake horse power) \ Wp=W/(Mm Ne); Nm=0.9; /
motordriven 1.=0.8 (see Eq.4.24)*

Compressor Adiabatic/isothermal; | S(brake horse power) = W/(1m Ne); Nm=0.8;

turbine driven

M=0.8 (see Eq. 4.24)*

Refrigeration

Complete network

S (ton energy removed/h)

SeNamples 4.3 &}4

* Commercial simulators also provide options for sizing parameters for most conveMerations

See also Perry’s Handbook
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Sizing & Costing Calculations: Refrigeration
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FIGURE 4.10 Refrigeration cycle and phase diagram.

EXAMPLE 4.3

Suppose we want to cool air as a process stream to 180K. Consider the refrigerants:

R Thon(K) 0.9T7 (K)
Ethylene 169 254
Propane 231 332

We know that ethylene will go down to 180 K but not up to 300 K. The opposite holds for
propane. Therefore, we need at least two stages: one propane, one ethylene.



Distillation Column Design - Determine, Reflux ratio, Number
of stages, Column diameter, Tray height, Heat duties for
reboiler & condenser (following the example 4.1 in textbook)

e Use the oy €k Eni to calculate N; & R;

« Calculate N;= 0.8 max;(N;) + (1-0.8) min;(N;); use efficiency of 80%
« Calculate R = 0.8 max;(N;) + (1-0.8) min;(N,)

« Calculate L" and V" and from it, F,

- Use F,, and Fig 4.4 to obtain Cg, (for a selected tray spacing)

«  Calculate flooding velocity, U, and from it, the area A and
diameter D of the column (use Egs. 4.7 or 4.8 and 4.9)

« Determine Tray stack height, extra feed space, disengagement
space (top & bottom), skirt height

* Qcond:HVV_hLL
« Calculate Q,,,; from total energy balance

10
Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani



Distillation Column Design - Determine, Reflux ratio, Number
of stages, Column diameter, Tray height, Heat duties for
reboiler & condenser (Using PRO-I1)

Use Short-Cut Fractionation (for column design)
Use rigorous simulation model to obtain the final design
Use the “sizing” calculation option for the column design

Select the column diameter, tray spacing, etc., from the output of
PRO-II

For condenser duty = Q.4 (given by PRO-I1), size a heat
exchanger (determine area A)

For reboiler duty = Q,.,.; (given by PRO-I1), size a heat exchanger
(kettle-type) — determine area

Determine Tray stack height, extra feed space, disengagement
space (top & bottom), skirt height

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani 11



Absorption Column Design - Determine, absorption factor,
Number of stages, Column diameter, Tray height, Heat
duties for reboiler & condenser

Use the o hk i Eni tO calculate N,

Calculate N, from Kremser equation (approx = 10)

Use efficiency of 20% (not necessary if Kremser Eq used)
Calculate L" and V" and from it, F,

Use F,, and Fig 4.4 to obtain Cg, ; (for a selected tray spacing)

Calculate flooding velocity, U, and from it, the area A and
diameter D of the column (use Egs. 4.7 or 4.8 and 4.9)

Determine Tray stack height, extra feed space, disengagement
space (top & bottom), skirt height

Packed columns can also be calculated from the number of
transfer units and height of transfer units

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani 12



Sizing & Costing Calculations

Step I11: Use the sizing parameters to determine the
cost of each unit operation

For each equipment, calculate the FIXED CAPITAL COST

* total installed cost = BC (MPF + MF -1)
* updated bare module cost = BMC = UF (BC (MPF + MF -1))

* contingency cost = B

* pbuilding, services, land = C

Fixed Capital cost =BMC +B +C

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani 13



Sizing & Costing Calculations: BMC

For each equipment, total installed cost = BC (MPF + MF -1)

For each equipment, using the sizing parameters obtain values
of Cy, Sy, S, D, Dy, L, Ly, a, B from tables 4.11 & 4.12

« Obtain BC from

¢ BC = Cy(L/Ly)*D/D0)B for pressure vessels (table 4.11)
or

« BC =C, (S/S,)* process equipment (table 4.12)

e Obtain MF from tables 4.11 & 4.12, based on the calculated
value of BC

e Obtain MPF from the Guthrie material and pressure
correction factors for each equipment (tables 4.1 — 4.10)

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani 14



TABLE 4.11 Base Costs for Pressure Vessels

Equipmem Type Co(®)  Lglfty  Dy(fy) o B MF2/MF4/MF

Vertical fabrication 1000 4.0 3.0 0.81 105 4.234.124.074.06/4.m
1<D<I0f, <L 001 |
Horizontal fabrication 690 4.0 3.0 0.78 058  3.18/3.06/3.01/2.99/2 04
1sDs10f,4sL<100ft

Tray stacks 180 10.0 1.0 0.97 1.45 LO/1.0/1.0/1.0/1,0

2¢DLI0fr, 1L s5001

"

{Data from Guthrie, 1969)

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani
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TABLE 4.12 Base Costs for Process Equipment

Equipment Type C($10%) S, Range{S) o

MF2MEIMFS/MEFBR/MEID

Process furnaces 100 a0 10-300 (83
§ = Absorbed duty (108Bt/hr)

Direct fired heaters 20 5 1—40 077
5 = Absorbed duty (105Btu/hr)

Heat exchanger 5 400 100-10¢ 0.65
Shell and tube, § = Area (ft)

Heat exchanger 03 55 2-100 0.024
Shell and tube, S = Area (%)

Air coolers 3 200 100-10¢ 0.82

§ = [Calculated area (ft=)/15.5}

Centrifugal pumps 0.39 10 10-2+ 107 017
0.65 2+10°0 2+10%-2.10¢ 036
1.5 240900 2-10%-2-105 0.64
§ = C/H factor {gpm x psi)

Compressors 23 100 30-10¢ 0.77
§ = brake horsepower
Refrigeration 60 200 S30-3000 0.70

S = ton refrigeration (12,000 Bww/hr removed)

2.2712.19/2.16/2.15/2.13

2.23/2,15/2.13/2.12/2.10

3.29/3.18/3.14/3,12/3.09

1.83/1.83/1.83/1.83/1.83

2312.2172.1872.16/2.15

3.38/3.28/3.24/3.23/3.20
3.38/3.28/3.24/3.23/3.20
3.38/3.28/3.24/3.23/3.20

3.11/3.01/2,97/2.96/2.93

142

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani
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Sizing & Costing Calculations: BMC
Total installed cost = BC (M PF + MF -1) Sum for all equipments

Updated bare module cost = BMC = UF (BC (MPF + MF -1) )

UF = (present cost index) / (base cost index) = 3.12 (approx)

Fit the following data as a function of year to obtain UF:
Year 1957-59 1968 1970 1983 1993 1995
Cl 100 115 126 316 359 381
Then use the fitted function to predict the CI for 2013

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani 17



Sizing & Costing Calculations: BMC

Example: Calculate BMC for a compressor
Total work (W) is 76.56 kW (see example 4.2 of textbook)
Calculate W, =W/0.72 = 106.3 kW =142 hp
Use Table 4.12 to calculate BC = BC = C, (S/S,)®
S=142; C,=23000; S,=100 ; o =0.77; BC =30000

Based on the BC value, identify the MF to use (see page 135 of
textbook) from table 4.12. For BC = 30000, MF2 needs to
be used from Table 4.12; MF = MF2 =3.11

Use table 4.9 to obtain MPF = Fd = 1.0 (for centrifugal
compressor with motor — design decisions)

BMC = UF (BC (MPF + MF -1)) = (3.12) (30000) (1 + 3.11 — 1)

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani 18



Sizing & Costing Calculations: BMC

Example: Calculate BMC for a distillation column

From example 4.1, D = 0.82m; L =19.2 m; Tray stack height =
13.2 m (24 inch tray spacing)

Use Table 4.11 to calculate BC = C,(L/L,)*(D/D0)?
C,=1000; L,=4;D,=3 ; a=0.81; p=1.05; BC = 8350

Based on the BC value, identify the MF to use (see page 135 of
textbook) from table 4.11. For BC = 8350, MF2 needs to be
used from Table 4.11; MF = MF2 = 4.23

Use table 4.7 to obtain MPF = F_ + F, + F, = 1.0 (for sieve tray
and carbon steel — design decisions)

BMC = UF (BC (MPF + MF -1)) = (3.12) (8350) (1 + 4.23 — 1)

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani 19



Example: Fixed Capital Cost Calculation

Fixed Capital Cost=A+B +C

A = Bare Module Cost (BMC)

B = Contingency = 25% of BMC (cost model)

C = Buildings, service, land = 40% of BMC cost model)

Ethanol production Case Study

A =19380 K$ (sum of all the unit operations)
B = 0.25x19380 = 4845 K$

C =0.40x19380 = 9752 K$

Fixed Capital Cost = 33977 K$

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani
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Cost Estimation: Total (Operating) Manufacturing Cost

Total manufacturing cost is the sum of the following items

Assume running time (hours/year) t. = 7000 - 8000
Raw material (F,,*C,,, *t,)

Maintenance (assume 5% of fixed capital costs)
Labor (assume 20 workers needed to run the plant)
Managers (assume 2 managers needed)

Insurance (assume 2% of fixed capital costs)

Lab analysis (2 lab technicians)

Utilities (F, * C, * t,)
a. Steam

N o OohR e

o Total Operating (manufacturing)
b. Electricity cost=1+2+3+4+5+6+7
c. Cooling water

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani 21



Cost Estimation: Total Revenue

Total revenue is calculated from the following (yearly basis):
1. Sale of the product
2. Sale of the by-products
3. Utilities credits
a. Available sources of energy that can be sold

b. Available water (cold or hot) that can be re-used

For ethanol case study,

5400 K$/y < Revenue < 110000 K$/y

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani 22



Economic Evaluation (Parts of Chapter 5)

« Total Capital Investment
« Operating Profit

« Net Present Value (NPV), Payback time, Rate of
return

« Sensitivity Analysis

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani
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Economic Evaluation

Total Capital Investment=A+B+C+D

A = Bare Module Cost (BMC)

B = Contengency = 25% of BMC

C = Buildings, service, land = 40% of BMC

D =1 month production costs (total manufacturing costs)

Ethanol production case study

A =19380 K$

B = 4845 K$

C=7752 K$

D =34317/12 = 2860 K$

Total Capital Investment = 36837 K$

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani 24



Economic Evaluation

Operating Profit=P=R -M
M = Total manufacturing costs

R = Revenue from sale of products

Ethanol Production case study

M = Sum of all the operating costs of all equipments
plus cost of raw materials = 34318 K$/y

R = Sale of products = 54000 K$/y (110000K$/y)
Operating profit = P = 19682 K$/y (74682 K$/y)

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani
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Economic Evaluation — Template for presentation

ECONOMIC ANALYSIS

Capital investment (fixed capital costs), €

Working Capital, £

Total investment, Cp, €

Funning time, hvr

Ttem Amount | Unit Price*=* €vr Delta % | €vr
1. Raw material Water 1.9e-4
£/mol
2. Other material Catalwst
3. Maintenance 2%
4.Labor 34.000%
5. Managers 40_000=
0. Insurance 2507
7.Lab analvsis 38.000=
8. Utilities Steam el
£/mol
Electricity g 2a3
£1Wh
W 1.3e-2
£m"3
Total
manufacturing cost
Revenue
Total
Profit (P)

*€/(man).vr ;7 % of the plant cost; ** prices in Denmark (Europe)

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani
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Economic Evaluation — Template for presentation

NVP calculations
NPV =—C 4+ P (1-(14117 |/

ClL.E=
P €=

Method Specify Specify Calculate

[tem Value [tem Value Item Value

Present value

Rate of return

Payv back time

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani 27




Economic Evaluation (NPV, Payback Time & Rate of Return)

Net Present Value (NPV)
NPV =-C,+P[1-(1+D)"]i
C, = Capital Investment

P = Operating Profit

| = interest rate (fraction)

n = process life time (years)

« Calculate NPV with known values of C, P, 1=0.1 &

n=10

« Calculate Payback Time for NPV = 0, known values of
C,, P, 1=0.1

« (Calculate Rate of Return for NPV = 0, known values of
C,, P, n=10

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani 28



Economic Evaluation

Capital (Cost) Investment

Operating Profit

Net Present Value (NPV), Payback time, Rate of return
Sensitivity Analysis

What if analysis — How will NPV, Payback timeand
Rate of return be affected if,

 the prices of the raw material increases and the
product decreases (for example by 10%0)?

« the cost of energy (steam) increases or decreases (for
example, by 5% or 10%0)?

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani 29



Economic Evaluation - Exercise

Calculate NPV, Payback time, Rate of return for the
following data:

Fixed capital costs = 211 (mDKT)
Running time = 7000 hly

Total manufacturing cost, M = 327 mDKr
Total Profit, P = 400 mDkr
Fori=0.1,n=1, NPV =7

For NPV =0, 1=0.1, Payback time = ?
For NPV =0, n = 10, Rate of return =?

What is the value of NPV if M increases by 10% and R
decreases by 9%

Course: Process Design Principles & Methods, L7, PSE for SPEED, Rafiqul Gani 30



ECON Software Economic Analysis

ECONOMI
AN I

User form

Batch or

Continuous

Excel Sheet-1

“Initialize page”

mm————————————)

Excel Sheet-3

Raw Material
& Product

Excel Sheet-4

Equipments
& Utilities

Excel Sheet-5

Excel Sheet-2

“Main-menu”

-

Excel Sheet-10

N\

Excel Sheet-9

Capital Cost

Excel Sheet-6

Operating
Cost

Excel Sheet-7

Economic
Evaluation

Excel Sheet-8

PIE Chart

Alternative
Case

Sensitivity
Analysis
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ECON Software Economic Analysis

\ 3 ECONOMI
i TO00L

f N\ Money Currency

Project Name «— C
* US United State Dollar
Benzene Process €— A

HELP ‘

USED-MODEL

valvalan

 GBP United Kingdom Pounds
Case No. r DKK Denmark Kroner

B " THR Thailand Baht
> Next  EUR Euro Currency data
WY LU

e >

Slides 30-38 show screen-shots from the ECON-software. Check
the corresponding sheets from EXCEL to get a better picture.
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ECON Software Economic Analysis

ERIENN

ECONOMI
ANALYSI

Part

Part Il

I. Comtmaeaus or Baich |

2. Kow mate ki & Produds I
3. Lymipmsenr & Lyilinkes I

INFUT DATA PART

4 Cupieal Cost

& Ogmraneg Ceind Teod FroseCar

it Fepmsele Evnlmsrmn

CUTFUT DATA PART

I New Project "

Save

8. Semih iy Anabrris

B Arermaiime Cane

ANALYSIS PART

Newd Soved |
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ECON Software Economic Analysis: Equipment List

oUW NENT b ! POROHASE 0057

Mooer tabc metana Carbon 2eel
Heat Eachargs S0 metes 30 Snyiniess St
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whoat Cacharge T T Carbon L2l
Compressor 725 K'N Carbansneel

Fea! Parbharoer an mater Cathon el

Te (» |
.D2 D4 -D5
AN LT T suseiet CAro sre!
Meat Cichanger < a0 meler Carbon 22!
Tosmr Unk 7 maters Carbon el
YRS Dy 5 rays Carhon Seeel
Meat &:Nrfr g mater Carbon el
eat Bncharger S0 metey Carbhon Sneel
Toemr Unt 1 meters Carbon Sl
Ve ray tryes Carbhon Soeel
AT ErCh Qe ) RLB SO meter LAMon Soeel
Feat Cacharger ; g maler Carbon S2eel
Tower Unt L2 s Carhon Soeel

¢ 820600
654300
2834300
e 0
0201500

326543 00

D6-

Le e 0
473000
137 14000
27,531 00
20887 00
LE73200
ap oo
1533800
LS ER S
1508800
170656 00

Vit O w

-
v
9
.
-
-
v
.
s
-
v
E
-
v
e
v
9
-
N
E

D7

}— {
w

1333901 00]

D1: Equipment ID number; D2: Equipment type; D3: Sizing parameter; D4: Unit;
D5: Material; D6: Equipment purchase cost; D7: Total purchase cost

34
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ECON Software Economic Analysis: Utility List

EQUPNENT PRCE SO UTRITY (OS

Mgy Electriciny 0 595 S "

E-104 Heat Enchanges WP iy ' s W 9319939324 5 68728531
H-101 Heaner Nanural Gas " 1502 W 3 3 1740720
£-103 Heot Exchanger Cocling vawer " ooimeee W CI40000054 4 c.ip
c-101 Compreassr Electricey " 73321 W LETORNPE24 » 344435220
E-RIOL Heat Exchanger n's n's D s
T-101 Tower Unit n's n's n's n's ’

101 Valse by n's n's n's n's ’ -

Rerel Heyizlens rer ". """" FSINTLOOAL - Xy |

D8 D9 ‘D10 "D11 D12 B :
¥ -

e Vaive Uay v e e e S .
Tr-102 Heat Exchanges ME steam *o1%ee W 2 220000267 5 508 39
Te-102 Heat Eschanges Coaling mne Foease W 0.389593595¢ 5 &355
103 Tower init n's n's n's ns S -
103 Vale tray s e e e s
Tr-1C05 tHest Eachanger NP atoan " ares o 8230000287 ’ Li1vAY
Te-200 Heat Exchanger Cocling maner " oareE oW C 49090054 - &3C3
T¥i0L Tower Unit n's n's n's n's - .

D8: Equipment ID number; D9: Equipment type; D10: Utility type; D11: Sizing
parameter; D12: Unit; D13: Price per unit ($/GJ); D14: Utility cost; D15: Total
utility cost
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ECON Software Economlc AnaIyS|s

Marafamuwisg Flasd capital bwesnvmst (D0 e Cost)
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Economic Evaluation
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Craridaniree Cadh Flors

Sensitivity analysis
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