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Abstract

This paper deds with the synthesis and design of a multiproduct batch protein production processes.
Four products and at most 15 hatch stages are involved in the plant synthesis and design. Constant size
and time fadors are used for the design constraints. The host, batch stages and type of unit operatingin
some of the stages are discrete dedsions included in the model. A disjunctive model has been formulated
for the problem. The model solution has been performed transforming the disjunctive model into Mixed
Integer Nonlinea Programs (MINLP) using the Big-M and convex-hull relaxations of a digunctive set.
The results obtained and the behavior of both MINLD models used to solve the problemis siown.
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Introduction

Product development is one of the main concerns for
biotechnologicd industry. New products are generated at
the laboratory and then the processto produce and purify
the products in large anournts is required. Sometimes the
process enginea has svera options to choose between
different processes and the dedsion it makes has a big
impad on the e@nomy of the manufaduring process In
recent works in the literature the optimal synthesis,
design and operation of the protein production plant has
been studied (Montagna & al. (2000; Asenjo et d
(2000; Alvarez @ a, 2001 Steffens et al., 2000. The
paper of Steffens et al. (2000 shows the synthesis of a
bioprocess using physicd property information. They
generate aranked list of flow sheds, which may be
analyzed later in more detail with another tool. Alvarez
et a. (2000 propcse an optimal synthesis methoddogy
based on mixed integer linea (MILP) mathematicd
programs. The aithors ded with the purification sedion
of a downstrean process based on chromatographic
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stages. They also use physicochemicd data information
of a protein mixture. This paper explores a methoddogy
for the synthesis and design of a multiproduct protein
production plant, using constant size and time fadors for
the batch stages. As a cae of study we cnsider the
production of four products: A, B, C, and D.

The synthesis dedsions are related to the host to use
and unit seledion for the batch stages. Four different
hosts are used: H1, H2, H3 or H4. Two alternative hosts
can be used for eadth product, the options are: H1 or H2
for product A, H3 or H4 for product B, H1 or H4 for
product C, and H1 or H3 for product D. Different stage
sets are needed acwrding to the host seleded. Table 1
presents the hosts, batch stages and alternative units
involved for ead of the four products
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Table 1: Host and batch stages involved in the
production of proteins A, B, C and D

Host
(Products)
H1 H2 H3 H4
Stages (A,C,D) (A) (B,D) (B,C)

1 X X X X
2Ao0r2B X X X X
3.Aor3B X X
4.Aor4.B X X

5 X

6 X

7 X

8 X

9 X X

10 X X X X

11 X X X X

12 X X X X

13 X X X X

14 X X X X

15 X X X X

X : the stage apply to the host
-: stage do not apply to the host

There is an intersection stage set between the
different hosts while some stages operate for one of the
host exclusively. Once the host is selected some
structural decisions must be made in order to select the
unit type operating in some stages. In this case the
options are: membranes (unit 2.A in Table 1) or
centrifugation (unit 2.B) can make the cell harvesting
operation. The same option is included for the solid-
liquid separation (4.A and 4.B respectively). The options
for the operation of the cell rupture stage are
homogenization (3.A) or bead milling (3.B). Stages 5
(solubilization), 6 (ultrafiltration), 7 (sulfonation), and 8
(refolding) are included in the batch plant in the case
Escherichia Coli is adopted as host. Decisions are
hierarchical because once the host is selected then the
units operating the multiproduct batch plant must be
chosen. Table 1 shows that at most 15 batch stages are
involved in the protein production plant but not all of
them are mandatory depending on host selected.

The approach used to solve the problem is executed
into two steps: first, the problem is formulated as a
Generalized Digunctive Program (GDP) (Lee and
Grossmann, 2000), then is transformed as a Mixed
Integer NonLinear Program Problem (MINLP) using
two relaxations of a digunctive set: Big-M and convex-
hull. The results and experiences obtained with the
problem solution are shown.
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M odel Constraints

Fixed size and time factors are used to model the
multiproduct batch plant design constraints. The basic
set of constraints used to model the size and processing
time for batch units are:

TL 2(TY+T B/ M, 2

where V; isthe size of stage [m?], Bi is the batch size
for product i,[kg of product exiting the last stage] and S;
is the size factor at stage j to produce 1 kg of find
product i. TL; isthe processing time of product i, it must
be the greatest processing time of the stages involved in
the production of i (Tj). Tijo is afixed amounts of time to
process a batch of product i at stage j, while Tijl permits
to account the time demands proportional to the batch
size of stage j. G is the number of parallel units
operating in phase, and M; is the number of parallel units
operating out-of—phase. For semicontinuous units:

®

where R is the size of the semicontinuous item j, usually
aprocessing rate capacity [m*/h], but for some units, like
filters, it corresponds to the size of the filtration area A
[m?]. In any case the sizes are proportional to the batch
size B; [kg] and inversely proportional to the operating
time 6; [h], through a so-called duty factor Dy. In the
case of composite stages with a semicontinuous item that
processes the material hold in a batch item (e.g.: the case
of an Homogenizer) we follow the modeling approach in
Salomone et al (1994). The stage is described with
equation (1) for the batch item size, but the batch
processing time Tj; includes the operating time 6; of the
semicontinuous item, so replacing 6; som equation (3)
into equation (2) gives:

0 B,
TL; 2(Ty + Dy ?)/ M; 4

j

A complete reference about the constraints formulated
can be found in Montagna et al. (2000).

Finally the production requirement constraint takes into
account the satisfaction of the product demand Q; for the
four products during the horizon time HT:

YQTL /B < HT (5)
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The cost equation associated to the batch stagesj is:

C;=a;G, M,V 6)
where C; represents the cost of the j stage, g and o; are
cost coefficient for sage j, for the case of
semicontinuous stages the cost function is the same but
replacing V; by R; when corresponds.

Congtraints 1, 2, 4, 5 and equation 6 are convexified
using the following variable transformation:

b=logB; g =1logG; m=logM;

vi=logV;; te=logTlh; r=logR

Digunctive M odel

Since the synthesis problem for this protein
production plant involves svera discrete dedsions, we
have formulated a digjunctive model to pose those
dedsions. The model is based on the Generalized
Digunctive Programming (GDP) approach proposed by
Lee ad Grosmann (2000. The basic sets used in the
disunctive model are:

I={A,B,C,D} Products

H ={H1, H2, H3, H4) Hosts

J={1,2,3,..., 15} stages

d={ab} alternative batch untsto process sagej

Min C =% a;exp(m; +n; +a;v;) @)
]
S Q.exp(b; ~tf; )< HT ®)
I
O Y; d
. 0
Bvlj 2 10g(Slipj ) +bj -9 ,j0SBly
Erj 2 log(y; ) +bi-g; ,jOSB2y EL
g & . P Tul ()
hOH, gt 2log(Tyy )=m; ,jOST i
E\Gi 2 10g(S3ijpj ) +bj - g *jDSB3hJS
Htt; 210g(Dipy )+by -rj -m; ,j 0Dy
0 Yin d
. O
0 E Zihjd % g
0 ul
vl > log(SD3hg) +h - g; Ol
hDHiD O o J J %DSB“‘HJE]F
%ua,bgm >log(Dlpjg ) +by - 1j -mj 0
A H3j = log(SD3hjg) +b-9; H H
(10)

495

vl is the batch size for al batch stages and those
semicontinuous stages with more than one unit that
involving feed/holding/retentate tank as input, like stages
2a,2b,343b,44 4b,6,9, 10, 11, 12, 13, 14 and 15.
v3 is the batch size for semicontinuous stages with more
than one unit involving product tank as output, like
stages 2.a, 2.b, 4.5, 4.b, 10, 12, 14 and 15. SB1, SB2,
SB3, B4, ST and SD are subset of stages whose
components depend on the host. Y;, and Z;q are Boolean
variables to make the digunctive term true or false.

Observe that (10) corresponds to an embedded
digunction, which is not the form of the GDP
formulation of Lee and Grossmann (2000). A
transformation proposed by Vecchietti and Grossmann
(2000) is used in order to comply with that formulation,
which turns (10) into:

O Zihjd O
V1> Iog(SDha) +h-g; [

0 St - i | Hoss, (11)
dDa,bD ¢ = log( Djihjd)+h -1 -mjD
H3j 2 log(SD3hjq) +b-9; H

Yih = 2d Zihjd (12)

The final GDP model is composed by (7), (8), (9), (11),
and (12).

M odel solution

The GDP model of the previous section has been
transformed into Mixed Integer Nonlinear Programs
(MINLP) using the convex-hull and Big-M relaxation of
a disunctive set. A characterization of both relaxations
for a digunctive set can be found in Vecchietti and
Grossmann (2001). The two-transformed MINLP
problems are solved with a modified version of
DICOPT™. MINOS and CPLEX are used as NLP and
MILP solvers respectively. The equation (12) was
written in the model as a set of integer inequalities
representing the equivalence between the boolean
variables.

Results

Table 2 shows the results obtained in the discrete
decisions. The hosts selected for each product have
been: H2 for product A, H3 for product B, H4 for
product C and H3 for product D. The table also shows
the units selected for batch stages 2, 3 and 4. Stage 1 has
3 units in parallel out-of phase and stage 13 has two
units in parallel out-of-phase too, the rest of the stages
do not have units in paralel. No units in paralel in
phase exist in the plant. Table 3 shows the batch stage
size and the operation time for each product. Table 4
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compares both MINLP models generated from the GDP.
From table 4 it can be seen that the number of equations
and constraints for the cnvex hul is greaer than the
Big-M but it has a dose relaxed optimal value cmpared
with the final solution, as it is expeded. The Big-M
relaxation performs better than the @nvex-hul
comparing the CPU time needed to read the solution
even when the relaxation gap is worst than the mnvex-
hull cese.

Table 2. Host and units selected

Host Stages Seleded
Product sedleded 2.aor2b 3.aor3.b 4aordb
A H2 2b N/A N/A
B H3 2.b 3a 4b
C H4 2b N/A N/A
D H3 2.b 3a 4b

Table 3. Batch size and processing time for
each product

Product Batchsize Processng

Time
A 6.67 8.0
B 6.67 15.0
C 0.44 56.0
D 4.46 15.0

Conclusions and future work

The synthesis model of the protein production batch
plant presented has svera challenges at the formulation
level because of the hierarchicd dedsions of the
problem: once the host is sleded, for some stages must
be determined which unt and number of them operating
in paralel in-phase and out-of phase (equation 10). In
this snse the main advantage obtained with the
approach proposed is that the disunctive model can be
easily generated compared against the traditional mixed
integer approach. The disjunctive formulation presents a
pattern such that any modeler famili ar with the gpproach
can urderstand it. Besides, the MINLP programs
corresponding to the digunctive model are written in a
systematic way by means of the convex hul or Big-M
relaxations of a digunctive set. Several solution

algorithms can be then applied to solve the problem.
This drategy presents more posshilities to takle a
problem containing discrete dedsions than traditional
mixed-integer approaches.

From the results obtained for the synthesis of the
protein production plant, the convex hul relaxation hes a
better relaxation gap, but the CPU time to read the
solution is lower in the Big-M relaxation, so no
conclusion can be etraded about which relaxation is
better.

We plan to work in the future with this model by
using different cost functions, variable size ad time
fadors and the inclusion of processinformation into the
batch design.
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