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One of the main goals of any production facilitytashave the least negative effect on the
surrounding environment, while still producing trequired output. The perfect scenario
would be a production facility that produces zdfftuents.

The pharmaceutical production industry has someunicharacteristics that make it

possible to reach the goal of zero effluent. Inhsirdustries wastewater is generally

produced from washing out of mixing vessels. Thestesgater thus contains valuable

product residue. It is possible, under the corcectditions, to reuse the wastewater as part
of the formulation of a subsequent batch of a cdilgaproduct, thereby producing zero

effluent from the operation. From this the questaises on the design of the production
facility as to maximise the opportunity to reuses ttvastewater, thus producing zero

effluent, and keeping the capital costs of suclaatgo a minimum.

The derived methodology addresses the design aspextzero effluent pharmaceutical
facility. The methodology takes storage and schieduwdf the pharmaceutical operation into
consideration.
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1. Introduction

Effective usage of water in batch processes is rhewp ever more important as
environmental pressure mounts on process indudiggoduce less effluent. In certain
industries, such as the pharmaceutical industeyeffluent generated from the facility may
contain valuable product. This product is lost, eihamounts to significant financial losses.

Wastewater minimisation methodologies in batch gsses have in the past been focussed
on maximising the reuse of water between units,levtstill obeying concentration
constraints that apply to each unit ( Wang & SmitB95; Almatéet al., 1997; Majozi,
2005). The methodologies do not take into constderahe possibility of operations where
there are no concentration limitations or whereewaan be reused as part of product
constituents. In certain operations in the pharmtcal industry the main source of
wastewater is from washing operations. This wafemocontains valuable product residue
and thus the opportunity exists to reuse this wasepart of the formulation for the same
product. Reusing water as part of product formatatmeans that there is no effluent
produced, and hence the operation tends to operagxo effluent mode.

Natural progression would then be to design proegsplants for the pharmaceutical
industry based on this type of operation. The desigbatch processes was first addressed
by Sparrowet al. (1975). This formulation took scheduling of th@eeations into
consideration during the design. Subsequent forouls (Ravemark & Rippin: 1998, Lin

& Floudas: 2001) were derived for the design ofchaprocesses while taking the
scheduling aspect of the operation into considemati

The methodology derived determines the number efele, and capacity and number of
water storage vessels needed to fulfil the requpreduction.

2. Problem Statement

The problem statement can be stated as follows:

Given:
i.) the product recipe and raw material requirements,
ii.) the duration of washouts and production times,
iii.) the time horizon of interest,
iv.) the required production in the time horizon of iet,
v.) the amount of water used for washouts and
vi.) the maximum allowable storage time of the wasteryate

determine the number of processing vessels asasefiie number and size of wastewater
storage vessels, resulting in minimum capital eost minimum amount of effluent.

3. Mathematical Formulation

The following sets, variables and parameters wseel in the derivation of the model.
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Variables

eumit() Binary variable showing existence of an ynit

Esorage(U)  Binary variable showing existence of a storageseks

y(snj,p) Binary variable showing the usage of (rat time poinp

Vsn(SniJ,p) Binary variable showing water going to storageseés from unitj at time point

p
Vsout(SnijP)Binary variable showing water going from storagesedu to unitj at time point

p
Vsorage(U) ~ Size of storage vessel

fe(snj,p) Effluent water from uni at time pointp
Parameters

ymn Minimum capacity of a storage vessel
V™ Maximum capacity of a storage vessel

Cu Cost per unit of a processing vessel

Cs Cost per unit of a storage vessel

Ces Cost of the effluent water treatment

Cv Cost factor of storage vessel due to size variat

3.1. Design constraints

Existence variables are defined to show whetheessel exists or not. This is used to
determine the number of processing units neededtf@ediumber of storage vessels. If a
state is processes then a processing unit mugt €kis is given in constraint (1). A similar
constraint is defined for the storage vessel. Caimgt (2) states that if water is sent to a
storage vessel, then the storage vessel must. exist

ent(i)2 (s, i, .05, 0S,, i 03, pOP 1)
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The capacity of a storage vessel is also a desigsideration. The capacity of a storage
vessel is restricted to a maximum and a minimunms f&hgiven in constraint (3)

\% min estorage (U) S Vstorage (U) sV maxestorage (U), HublU (3)



3.2. Mass balance constraints
The mass balance constraints include mass balavetsthe processing units and storage
vessels.

In the zero effluent type of operation the contaminmass added from the wastewater can
either be considerable or not. In the case, whexeetis a considerable contaminant mass in
the wastewater, the mass of raw materials, otreer thater, that is used is the sum of the
contaminant mass from the reused water, eithecttiirer indirectly, and the mass from
bulk storage. In the case where there is no coraitle mass of contaminants in the
wastewater the amount of raw material used frork bidrage is a fixed amount.

The total mass of raw materials used for a proguttie sum of the fresh water, the reused
water and the total raw materials, other than watethis formulation it is assumed that

there is a fixed ratio between the amount of wattexr product and the amount of other raw
materials in the product. To ensure product intggitie water that is reused can only
contain the same product as that which is beingdix

Mass balances for the storage vessel have to hedett Here the mass balances have to
ensure that the correct wastewater goes to theatostorage vessel, in the case of multiple
storage vessels. If there is only one storage liess@ever, one has to ensure that only
wastewater with a particular contaminant is staaedny given point in time. This implies
that water with different contaminants cannot loeest in one vessel at the same time.

3.3. Scheduling constraints

The time aspect of batch processes has to be atkeconsideration. The timing constraints

used are similar to those developed by Majozi (2006e constraints considered ensure
that the direct and indirect reuse of wastewatieedglace at the correct time and that the
starting and ending times of each operation areectrFinally the scheduling constraints

ensure that the amount of time the wastewateorgdtis less than the maximum allowable
to prevent microbial growth.

3.4. Objective function

The objective function is the minimisation of capitost and cost of effluent water. The
objective function is given in equation (4). Thesfiterm represents the cost due to the
number of mixers (processing units), the secondthird terms represent the cost of the
storage vessels. The last term represents theassstiated with the effluent.

min > eunit(j)cy + > (estorage(u)cS + VetorageCv )+ > felsi. i, P)Cer
i m SnidoP (4)
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4. lllustrative Example

The illustrative example involves the design ofreall pharmaceutical mixing operation. In

this operation three products are produced. Onageetwo batches of the first product and
three batches of products two and three respegtiedd to be produced in 24 hours. The
product composition is given in Table 1. Each paidequires different processing times
which are dependent on the type of product.

Table 1: Product composition

Product Amount of fresh Amount of other Processing time
water (kg) raw material (kg) (hr)
Product 1 1600 400 8
Product 2 1650 350 5
Product 3 1800 200 7

In the example there is an option of only one gfereessel that has a maximum capacity of
2000kg and a minimum of 100kg. The maximum numbgsatential mixing vessels is 4.
The cost of each mixing (processing) vessel isdfiae 12 737 c.u.. The value 6f is 5617
c.u. andC, is 0.25 c.u. per ton . Treatment costs of the evaater was 7 c.u. per kg of
water. In this example it is assumed that the e in the wastewater does not add to the
raw material mass.
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Figure 1. Schedule for the designed plant



The example was solved using GAMS/CPLEX solver. plexzessor used was a Pentium 4
3.2GHz. The solution time was 97.5 CPU secondsthedptimal number of time points

was 8. The resulting formulation had 421 binaryialsles. The resulting design had three
mixing vessels and no storage vessel. The operatibpnproduced 1300kg of wastewater,
which relates to a 68% savings in wastewater whampared to the operation without

reuse. The resulting value of the objective furnrcticas 48 152 c.u.. The optimal schedule is
shown in Figure 1. In the figure the black strifmakes represent mixing and the grey box
represent washing out of a mixing vessel. The wlgigen in the figure represent the

amount of water that is reused. The product prodidligeeach mixer is represented by the
letter “P” and the corresponding product numbehinithe black striped box.

5. Conclusions

The method derived determines the optimal desigatter with the corresponding schedule

of a plant that is able to run in a near zero efiftumode. The methodology determines the
number of operating units needed as well as thebeurand size of storage vessels that are
used for wastewater storage. The methodology essha¢ a maximum storage time of the

wastewater in the storage vessel is obeyed.

In the example the resulting design also had thneéng vessels with no storage for the
wastewater. This result is expected as direct refisgater is assumed to feasible in the
example.
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