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ABSTRACT

The problem of establishing optimum capacity of each plant and material
stores in a flowsheet consisting of a number of integrcted plants has been
formulated as a linear programming (LP) model. In the LP model, proc-
ess constraints (mass and energy balance), economic ccnstraints {mate-
rial transport and storage costs) and scheduling are taken into account.

Guidelines for formulating the LP model hove been proposed. A case study
involving a small scale plant for production of crystalline sugar from sugar
cane and an ethanol production plant that uses fermented molasses as
raw material have been used to illustrate the LP model.

INTRODUCTION

In the context of this paper, an integrated plant is defined as one consist-
ing of a number of process plants whose operation depends on one another
with regard to the supply of raw materials and/or utilisation of some of the
by-products. To allow plants to operate independently, they should be linked
through intermediate material stores.

Two important costs that arise due to the presence of the material store are:
the cost of working capital (operating cost) required to hold the product,
and the capital cost for insiallation (or renting) of the store. Also, it need
not to be overemphasised that there are costs associated with material trans-
fer from plant to store or vice versa. It follows that the design of an inte-
grated plant involves specification of capacities of the individual plants
and intermediate material stores which will minimize the material storage
and transport costs.

This design consideration seems to have been overiooked in the litera-
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turell]l. It is the intention of this paper to bridge the gap by first presenting
general design guidelines followed by a case study.

PROPOSED DESIGN APPROACH.

1 that would give optimum plant size and material stores
t

t
onsist of the following steps:
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Step 1. Define the integrated plant.

The pre-condition for the applicability of this method is a situation whereby
the system is made of several interdependent plants. In such a system, it is
not always economical to build a plant downstream of a process that matches
the supply rate of materials by the plant upstream. Instead, by using inter-
mediate stores (building, vessel or even an open yard) it is often possible
to install a cheaper, smaller plant down-stream. Hence, at this step we
locate a storage facility for each of the by-products of one plant which will
become the raw material of another plant downstream.

Step 2. Draw up a long term schedule.

At this step the duration for which each plant will be active is proposed.
Several factors derived from the environmental constraints (e.g. availabil-
ity of labour, length of harvesting season, etc.) may indicate as to when
each of the plants should be active. For easier visualisation of co-existing
active processes over a number of time intervals, the schedule of activities
can be represented in a Gantt chart (Fig 2).

Step 3. Write material constraints for each plant.

This step relates flow of materials entering and leaving the plant over a
time period. The governing principle is that the rate of material demand by
the plant downstream should not exceed the material supply rate by the
plant upstream.

cumulative material cumulative material
supplied by upstream |- | consumed by the 20 (1)
plant )\ downstream

R S T L R B
Uhandisi ‘Journal Vol. 19 No. 1 June 1995 166



Kaunde

Step 4. Write material storage capacity constraints.

To relate material entering the store over a time period, one condition must
be fulfilled. That is, material should not be allowed to overflow ip the
store. This condition is checked by writing constraint equation of the form;

I’ ~ rd

cumulative material cumulative material .
- < store capacity  (7)

entering the store leaving the store

Special case:

In some integrated plants surplus material which should not be kept in the
store is produced by the plant upstream. A smaller matertal store will be
required in this case. A strategy to estimate the store capacity in such a
situation will differ from case to case - as will be illustrated later in the
case study.

Step S. Write steady state mass balance,

This step relates the ratio of process material between the inputs and out-
puts for each plant. The governing equation is the steady state mass bal-
ance constraint given by

)

(material into"

. material out
- (coefficient) =

the plant of the plant

Step 6. Steady siate energy balance.

At steady state condiiions the {low rates of materials entering or leaving
the piant are related to vtility flow rates according to the constraint of the
form; '
material in

}-—-0 4)

utitity stream

material in
process stream

J - (coefﬁcicnt)(

Step 7. Write an equation for the production targets.

We define production target as cumulative amount oi materia! (product or
rav/ material) processed by one of the plants throughout the campaign.
This constraint is of the type:
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flow rate production) production
of product )i time ; - target J =

Step 8. Write the-objective function.

The objective is to minimise material transport and storage cost;

Min: fn(2 transpot costs + Y. storage costs) (6)

Transport cost.
The material transport cost component for the objective function can be
calculated using a general equation;

transport unit costs of ( quantity of
cost | material transport /A material transported -

The unit cost of material transport will depend on the means of transport-
ing the material, e.g. by vehicle, human beings, or pumping.

Storage Cost.

The cost of storage may be interpreted as referring to the cost of renting
the premises. It is therefore independent of ihe actual amount of material
in store at any time, but depends on the Iength of time for which material is
stored. So a constraint linking required storage capacity and cost (equa-
tion 8), will be used.

storage daily costs of }( duration of .
. , i capacity
COsts = | unit material || material storage
_ of storage ®)
per year \ storage \ in days per year

APPLICATION TO THE CASE STUDY

The case study involves two process plants to be integrated. A small scale
sugar production plant has been designed by the Institute of Production
Innovation and the Faculty of Engineering both of the University of Dar es
Salaam, and is already in opcration in the fieid(2]. However, molasses and
bagasse, the by-products of the sugar production process are potential en-
ergy sources for the production cf ethanol by distillation. It is therefore
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possible to integrate the two processes.

Whereas capacity of the sugar plant may be assumed known, the optimum
capacity of the distillation plant and size of intermediate material stores
(bagasse and mnolasses stores) need to be worked out.

The steps outlined above are therefore illustrated with this case study as
follows;

Step 1. Define the integrated plant.

As shown in Fig 1, the flowsheet includes bagasse and molasses stores in
between the sugar and the distillation plant. Further, since cane harvesting
is an activity which can be scheduled, a material store for harvested cane
is also included between the farm and the sugar plant.

Ethanol
Production

Process z[\ Wasie warter

Product 3
Erthanol :

Farn : e - : Witer
+ ixtillation Lnit Fremanlar

Fen
Cte Etn¢
Fi Suplus
Cans Cﬁ)s i da:us
slore Cam
\ cx v
~e
Sugar Fee Foe
Production fal?S cw E';"s
FProcess ]
Y2 | Sugar

I Crusher H Evaparator ‘}——‘D{ Crystalizer }'_'D[ Centifuge ’——D
Fig. 1 Material fiows in intergrated plants

Step 2. Draw a long term schedule.

Figure 2 shows an example of scheduling the activities in the integrated
plant. Cane harvesting comes first, followed by the sugar production cam-
paign and finally the distillation campaign. For this particular case study
typical factors that would irfluence ihe schedule are: weather which dic-
tates the duration of the harvesting season (T3-T0), quality of cane dete-
riorates with storage hence limiting (T1-T0), at the same time the distilla-
tion campaign (T5-T2) may continue provided there is bagasse and mo-
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lasses in store.

Active
Procaess

Harvesting oot e

Sugar : % 2 5
FProdiuction T P R S A R A S TS S a5 PPy Jridnia |
Process i 3

Ethanol 3 [ bosmomtarsan.o
Production i :
Procesn

TO T T2 T3 T Ts
Time

Fig. 2 Schedule of activities in integrated plants (Gantt Chart)
Step 3. Write material balance constraints.
Material balance constraints are written as a function of time for all mate-
rial flows. To derive the governing constraint equations, reference should
be made to Fig 1 and 2 simultaneously. Analogous to the general equation

1, material balance constraint for our case study becomes:

Cane usage;

( cane harvested ) - (canecrushed) > O )]

Upto T2 Fch. T2 - Fec(T2-T1) > 0O (10
T3 Fch. T3 -Fce(T3-T1) > 0 (11}

T4 Fch.T3 - Fce.(T4-T1) > 0 (12)

Bagasse usage;.

(bagasse 3 (consumed in) [consumed in ] . &

produced J ) sugar proces distillation proces (13)

Upto T2  Bbs(T2-Ti)-Foe(T2-Tl)» 0 (14)
T4  Fbs.(T4-T1)-Fbe(T4-T1)-Fbd. (TA-T2) >0 (15)
TS Fbs.(T4-T1)-Fbe.(T4-T1)-Fbd. (T5-T2) >0 (16)

Molasses usage;

( molasses produced ) - ( molasses consumed ) > 0 (17)
Upto T4 Fms.(T4 - T1) - Fmd. (T4-T2) > 0O (18)
TS Fms.(T4-T1)- Fmd.(T5-T2) » O (19)

m
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Step 4. Write mnaterial storage capacity constraints.
As in step 3, Fig 1 and 2 should be referred to simultaneously in deriving
material capacity constraints. Similar to equation 2, capacity constraints

for each material store are as follows;

Cane store;

('canc harvested ) - ( cane crushed ) @ V¢ (20)
Upto Tl Fch.T1 _ Ve . (21)
T3 Fch. T3 -Fee (T3 -Tl) & Ve (22)

Molasses store;
( molasses produced) - ( molasses consumed ) . Vm (23)
Upto T2 Fms.(T2-T1) & Vm -
- (24)
T4  PFms(T4-TI1)-Fmd(T4-T2) _ Vm
B (25)
Bagasse store;
The general equation {or the bagasse store would have been

bagasse ] consumed in consumed in
" \ distillation proces

J < Vb (26)

produced sugar proces

However, establishing the capacity of the bagasse store is an example of a
special case - a design problem mentioned earlier (step 4). As there would
be surplus bagasse which should not be kept in the store (normally surplus
bagasse is burnt) the capacity of the store is calculated by considering :

Either demand of bagasse by the sugar plant alone at the beginning of the
sugar preduction campaign before the distillation campaign has started,

1€ (T2-T1).Fbe =Vb (27)

Or demand of bagasse by the distillation plant when the sugar production
campaign has ended,

16 (T5-T4).Fbd = Vb (28)
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Both equations (equation no. 24 and 25) should be tried in the LP model
and the larger value of Vb should be chosen as the required capacity of
bagasse store.

Step 5. Write steady state mass balance.

Sugar plant;

Tthe total amount of cane entering the sugar plant is related to bagasse and
molasses produced. Analogous to equation 3 corresponding equations be-
come; '

Fee - Kb.Fbs = 0 (29)
Fcc - KmFms =0 (30}

The coefficients Kb and Km and later (step 6 below) Kd and Ke can be
estabiished by detailed mass and energy balance considerations round the
individual pieces of equipment of the plant.

Step 6. Steady state energy balance.

Sugar Plant

Flow rate of bagasse as energy source for the sugar process is related (o
the flow rate of molasses being produced. We therefore have the constraint
(refer to equation 4):

Fbe - Ke. Fms =0 31
Distillation plant
Similar to equation 5, flow of bagasse is relared to molasses raw material
according fo:

Fod - Kd.Fmd =0 (32)

Step 7. Write an equation for the production targets.

Production capacity of one plant in the integrated plants should be speci-
fied. In this case the production target is expressed in terms of cane crushed
per year (refer equation 5)

-~ &« |
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Fce.(T4-T1) = qcane (33)
Step 8. Objective function.

Transport cost:
The general equation for material transport is given by;

(trans;)ort) ~ (unit cost of \(quantity of ]

cost "~ | material transport )\ materia! transpoted
Hence cost component due to each material being transported is as follow:

Cane transportation;

Farm tostore  Ctc.Fch.T3 (34)
Store to crusher Ctc.Fee.(T4 -T1) (35)
Bagasse trahsportation;

Crusher to store Ctb.Fbs.(T4-T1) (36)
Store to evaporator Ctb.Fbe.(T4 - T1) (37)
Store to distillation Ctb.Fbd.(T5 -T2) (38)
Molasses transportatior;

Centrifuge to store Ctm.Fms.(T4 - T1) (39)
Store to fermenter Ctm.Fmd.(T5 - T2) (40)

Storage cost.
The general material cost equation 1s given by:

storage daily cost of }( duration of _
_ ’ ) _ capacity
costs = | unit material | material storage
. of storage
Lper year storage ) in days per year

Note that daily costs of unit material storage (Csb, Csm, Csc) nave units
in (Tsh/tonne.day). The duration of material storage has units (days/year)
and capacity of store is tonnes. The installation cost (or renting cost) for
the store reduced to an annual basis (storage cost per year) is therefore
quoted in (Tsh/year). Hence cost equation for each material store becomes;

T T T T S T N Y P R P PR 5
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Cane storage Cec.T3.Ve 41)
Bagasse storage Csb.(T5 -T1).Vb (42)
Molasses storage Csm.(T5 - T1).Vm (43)
RESULTS

The set of equations above may be written in a format to suit a specific LP
package. In this work, a VINO software (Schrage, 1986) was used. The
advantages of VINO over other LP packages include the spreadsheet ca-
pability which allows the sensitivity analysis (what if !) problem to be
handled.

Table 1a shows set of values that may serve as input data (independent
variables) to the LP model: Economics .within the environment would
determine the cost data (Ctb..Ctn), whereas the coefficients (Kb..Km) are
derived by considering mass and energy balance around the individual
plants and the duration of the production campaigns (T1..T5) can be cho-
sen by considering social, economic and environmental factors.

Table 1, Example of coefficients and results for the LP model
Table 1a. Coefficients for LP model

Basis;
Cane crushed = 5 tonnes/day (qcane = 525 tonnes/yr)
Working days 105 days/yr
Basis,
Cane crushed = 5 tonnes/day (gecane = 525 tonnes/yr)
Working days 105 days/yr

Independent variables

Days Wi/ wt Tsh/tonne Tsh/tonnc
T =1 Kb = 1.66 Crc = 800 Cse = 50
T2 =9 Kd = 0.25 Cth = 235 Csb = 100
T3 = 1058 Ke= 1.12 Ctm = 8§33 Csm = 100
T4 = 106 Km = 208
TS5 =115

Table 1b,. Results for LI model

Dependent variables

Tonnes/day " | Tonnes/day Tonnes h
Fch = 5.C Fbd = (.00 Ve=50
Fee s 5.0 Fang = 0,24 Vh== 215
 Fbs = 3.01 Find = 6.24 Vm =214
¥be = Q0,27

O o < Y ST 1
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The results of the LP will be a set of values which can yield the following

information;

Fch - the rate of cane narvesting in tonnes per day;

Fcc - the capacity of the sugar plant in terms of tonnes of cane crushed
in a day. '

Fbs -  the corresponding amount of bagasse in tonnes per day required
for the sugar production process.

Fmd - the capacity of the distillation plant in terms of tonnes of
molasses consumed per day, and

Fbd -  the corresponding amount of bagasse fuel in tonnes per day for
the distillation process. |

Ve - the capacity of cane store, in tonnes of canes,

Vb-  the capacity of bagasse store, in tornes of bagasse and

Vm -  the capacity of molasses store, in tonnes of molasses.

Table 2. LP model with coefficients substituted by numerical values
Objective:
Min (84000.Fch + 84000.Fcc + 24885.Fbs + 24885.Fbe + 25122.Fbd

+ 87465.Fms + 88298 .Fmd + 5250.Vc¢ + 10600.Vb + 10600 .Vm)

Such that:

9. Fch-8Fcc O

105.Fch - 104.Fce. O
105.Fch - 105.Fcc = O
8.Fbs-8.Fte O

105.Fbs - 105.Fbe - 97.Fbd 0O
105.Fbs - 105.Fbe - 106.Fbd 0
105.Fms - 97.Fmd O
105.Fms - 106.Fmd 0

Fch

<Vc

105.Fch - 104.Fcc Ve

either
* or
8.Fms

8 Fbe =Vb
9.Fbd = Vb
Vm

105.Fms - 97.Fmd. Vm
Fce - 1.66.Fbs =

Fce - 20.8. Fms =0
Fbe-i.12.Fms=0

P T S ST
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Fbd - 0.25.Fmd =0
105.Fce = 525
Fch>0

Fce >0

Fbs >0

Fbe >0

Fbd >0

Fms >0

Fmd >0
Vc>0
Vb>0
Vin>0

* This equation gives the largest value of Vb,

The objective value of the LP model is the annualised cost due to the cost
of material storage, and transport costs of materials between plants.

Table [(b) shows the results of the LLP model. A complete listing of the LP
model with the coefficients substituted by numerical values is as shown in
Table 2. whereas Table 3 is a corresponding VINO spreadsheet .

The LP model developed as above serves as a useful tool in studying the
effect of change in the objective value and/or dependent variable due to
changes in the independent variables one at a time. In this case specifying
different time duration of the production campaigns would result into dif-
ferent capacity of the plant and interiediate stores as follows:

Effect of reducing length of sugar prodaction campaign

Table 4 and figures 3 to 5 are examples of simulation results. These results
show that by reducing the length of sugar production campaign (T4-T1), a
larger sugar plant (Fec) and a larger cane store (Vc) will be required, con-
sequently increasing the cost of the plant (objective value), Sugar produc-
tion campaign should therefore start as soon as cane harvesting season has
started.

o S oo O~ AP AR
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Table 3. An LF model for sugar and ethanol production plant (in VINC format)

Indopendent variable (specify)

T1 ™ e < e x5
1 9 1G> 106 113

Mo e Lo -] Cem Cac
20.83 BOO Zz35 833 50
Dependont variablics names

Fch Feo Fbe Fbo Fbd
Coeflicients for objective function (ealculatod)’
BAOOG 24000 24285 24883 25122
. Coeflicionts for conatrainte (calculared)

o -& o o O
105 ~304 4] L+ ] e
1035 -105 o [+ o

[+ ] o 4 -8 4]

o < 105 -105 -7

o o 1035 =105 -106

[ O [+ o L]

4] L] (24 O (o]

-1 L] L] Q [+
~-105 L2 2] o (3] o]

o o Q [+] .1

[e3 0 [o] o -8

[¢] Q O 0 [e]

o 0O (o] Lo 2 o

L¢ ] 1 -1.65 o o

(o] -1 1.66 o o]

o ) o Le ] o

o -1 o o [+

o o o 1 [¥]

a3 (] o] -1 Q

o el o (1] b |

o 44 k¢ ] fe ~1

o 103 [ ] L] [+]

9] ~-103 L8] L] aQ

Resuitn
Ohbjcative value = L.O4E+06

Dependent variable (optmum valuc)

Fz=h Feco
5.00 + 3.0

Fbo
3.0

Fbe
0.27

Kb Kd e
1.66 0.25 1.12
Cob> A gcanc
OO0 100 22%
Frinw Fmd Ve
B7485 8R298 32350
O O (o]
o Lo o
o o (2]
[+] O o
Lv] o o
O fe ] o]
10s -07 O
103 106 o
o o T
o ] O b
o <O O
Q (¢} D
-R o] o]
-103 7 o]
o) o] o
] o 5]
-20.83 [e] (o]
290.830 s] (o]
~-1.12 Lv] (2]
1.12 Q o
o ~0.23 o
0 0.23 o
o 0 (e}
L4 ] o O
Frmxa Frnad Ve
Q.24 Q.24 3.00

3

%

ooooooooooooa#oooocooooo

z.13

]

ODOOGOOOQO"FOOQOOQOQOOOO § .

2.14

Production

Slack

1.24
282.27
2z1.73

N
ol
>

~5.25R+02
$.25E+02

copdobdds
oooossgggsgﬁgdooo
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Table 4 Effect of reducing length of sugar production campaign(T4-

T1)
*{T4-T1) days 105 104 103 102 101
T2 tonne/day 9 10 11 12 13
Fec tonne/day 5.0 5.05 5.10 5.18 5.20
Fmad tonnes/day 0.24 0.24 0.24 0.24 0.25
V¢ tonne 5.0 10.0 15.0 20.0 . 25
Vb tonne 2.15 217 2.19 2.21 2.24
Ym tonne 2.14 2.16 2.18 2.20 2.22
Obj. Tsh/vr (109) 1.04 1.06 1.09 1.12 1.15
* T4 = (06 days
s s0.0
B e ¢
B e e a4s5.0 e
;';' C.ina ta arushsr (Foa) l
‘g & 5.0 1 . . ,"7
g v._‘;qnn store —(.:ﬁ)/"
z-._g: a - gxs,o _A-’
L g :
= T - 5;. 10.0 «E »
:‘-:' - é -—E . Bugreew astors {Vb)
m-nn’::.'l‘:r:‘?l:m‘;w ‘-.\.‘\ . ’ “):ro‘l-g:} ‘J‘_‘ i
o -4 T i ;_m oD T T 1
1 ] a 4 ¢ [ 1 2 ] 4 §

Time T1 (duys)

Fig. 3 Plant capacity vs time T1
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A R
: &
;
B
g L1z r
3 /7
a tie o ‘
i P
< A
2 Los A 7
$ /
z G
3 Ls o &
b P
v
3 104 - 'd
’ |
10 J o 1 ] 0 ] [
t 1 ! $ { 5 '

Fig. S Objective value vs time T1

Ttme TL {days}

Planl capacity [tenaes)

Fig. 4 Store capacity vs time T'1

Time Ti (dayw)

L1

Lee - " e e
B
Gane fo ¢tusher {Fod)
4 C0
00
Z00 -
Molsanes lo ciatiglien
ot (Froet)
150 - \.\7
\z;
e — B
e o B et U 7T
086 Ty T T i T
] 10 20 i A0 &0

Fig. 6 Plant capacity vs time T2

Tima T2 {daya}

Effect of reducing length of distillation campaign

Likewise, Tablc 5 and Fig 6 to 8 are examples of simulation results and
they show that by reducing the length of the distillation campaign (T5-
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T2), a larger capacity distillation plant (Fmd) and larger molasses and ba-
gasse stores (Vm and Vb respectively) will be required. Correspordingly
the objective value to be minimised increases. Hence distillation campaign
should start as soon as the sugar plant has started operating.

Table 5 Effect of reducing length of distillatior campaign (T5-T2)

T2 days 9 20 30 40 50
¥(TS-T2) days 106 95 85 75 65
Fec tonne/day 5.0 50 5.0 50 50
Fmd tonnes/day 0.24 0,27 0.3 - (.43 0.39
V¢ tonne 50 50 50 50 5.0
Vb tonne 215 25.11 788 10.48° 13.17
Vm tonne 2.14 4.56 6.96 936 11.76
Obj. Tshiyr (100) | 1.04 1.09 114 1.2 1.25
¥TS=115 days

10.00 ‘ 130
14.00 —1Ha}| rusce store (Vm) >
1200 .Jtango\-aa tcrc (Vb) A// E 129 "/

B 10.00 ¢ é /

é n.0o - // ;

£ 3 £

%. 4.0G -~ // % [Rre /

§' 4.00 ‘1 % /

-‘éu / Cane -tur v a) /

’ 0.00 e e R '

- i T T T ] o o 15 30 40 § LE)
a w 0 » 40 as [1+] Time TY Idys}

Tims TR {daye}

Fig. 7 Store capacity vs time T2

Effect of extending length of the distillation campaign

Fig. 8 Objective value vs time T2

As shown in Table 6 and Fig 9 to 11, by extending the distiilation cam-
paign (T5-T2) a smaller capacity distillation plant (Fmd) and molasses
store (Vm) will be required. However the objective value tends to inciease.
This suggests that the distillation campaign should finish just after the
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sugar production campaign finishes.

Table 6 Effect of extending length of the distillation campaign (T5-T2

T2 days 9 20 30 40 50
*(TS-T2) days 106 95 85 75 65
Fece tonne/day 5.0 5.0 50 5.0 5.0
Fmd tonnes/day 0.24 0.27 0.3 -0.43 0.39
V¢  tomne 5.0 50 5.0 50 5.0
Vb tonne 2.15 25.1) 7.88 10.48" 13.17
Vm tonne 2.14 456 6.96 836 11.76
Obj. Tshyr (109) 1.04 1.09 114 1.2 1.25
*T5 =115 days
ALS ; ey 12.00 g
500 <I t---.-?;‘---e - “ 000 - Molaaads stere SVm)
e Cetie Lo crusher {(Fee) | >/-/
‘g "g //cnm ey {(Ye)
o 1es _,.3_ 8.99 - / ‘-\‘_’
::';- - ! %‘ ST / Bugnane nators [(VhH}
£ % Molesnaw to ::j // __\\1 i
= diatillation [Frmd) @ 290
| T, - W
o i R A s.0o T
RN s o e Tirne TB {dare)
Fig. 9 Plant capacity vs time T7  Fig. 10 Store capacity vs time TS
132
i1
E. L1 - }'/'
H v
,g PR T
21 I
$ ios o yd
7;. 107
et 7
105 - //
104 o o
1.03 T i T T T Y
w 1% e B 4] 50 X m ®

Tiee TS {deyq)

Fig. 11 Objective vzalue vs time TS
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DISCUSSION

As pointed above the aim of this study was to develop procedure for sizing
integrated plants. For that matter a case study involving sugar and alcohol
production plants has been used to develop the procedure. In illustrating
the procedure results which make sence have been obtained suggesting
that the method as proposed in this paper answers the problem it intends to
address.

Although the case study involves few process plants (two in this case) it is
adequate to assume that the underlying principles can be applied to other
cases involving large number of iategrated plants.

The case study specifically refers tc storage as being the building, and
vehicle or human labour as the means of transport. Other forms of storage
and transport may be considered for other sysiems. For examnple one can
model batch 2nd semi-centinuous units of a given process plant as an inte-
grated system and accordingly employ design approach as presented in
this paper. In such a case storage is achieved through storage vessels
whereas transpost may be achieved by pumping the process fluids involved -
from one processing stage/storage vessel to another stage down-stream
the process.

CONCLUSION

A method which involves development of an LP model for establishing
optimum capacities of individual plants in an integrated plant has been
developed. In addition (o the mass and energy balance corsiderations, the
method allows taking into account material transport costs, material stor-
age costs and scheduling.

To illustrate the method, optimum capacity of the distillation plant, and
the capacity of bagasse and molasses stores to maich with the sugar plant
have been worked out. Also, analysis has been carried out which illus-
trates quite clearly how scheduling of the production campaign affects the
capacities of the individual plants and the matsrial stores. For the particu-
lar set of data the most economic plant capacities corresponds to all the
three campaigns, i.e. cane harvesting, sugar production and distillation

plant operation overlapping as much as possible.
W
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NOMENCLATURE

Csb unit cost for intallation of bagasse store, TSh/tonne

Csc unit cost for installation of cane store, TSh/tonne

Csm  unit cost for installation of molasses store, TSh/tonne.

Ctb unit cost for transporting bagasse, TSh/tonne,

Ctc unit cost for transporting cane, TSh/tonne.

Ctm unit cost for transporting molasses, TSh/tonne.

Fbd bagasse consumption rate by distillation process, tonnes/day.

Fbe bagasse consumption rate by sugar production process, tonnes/
“day.

Fbs bagasse production rate by sugar plant, tonnes/day.

Fee size of sugar plant (cane crushing rate), tonnes/day.

Fch flow rate of cane harvested, tonnes/day.

Fmd  size of distillation plant (rate of molasses consumption), tonnes/

day.

Fms molasses production rate by sugar productio, tonnes/day

process.

qcane  plant capacity in terms of cane crushed per year, tonnes/day.
Kb, Km coefficient in mass balance constraint, wt/wt
Kd, Ke coefficient in energy constraint (distillation plant), wt/wt

V¢ capacity of store for cane, tonnes
Vb capacity of bagasse store, tonnes.
Vm capacity of molasses store, tonnes.

Tsh Tanzanian Shilling (US$ 1.00 = 700 Tsh approx. as of the time

of this research)

TO0. TS nth day beginning or end of season.
n.b. Time difference e.g. (T3-T0), (T4-T1) etc. refers to
duration of the production campaign and has units in
days/year.
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