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Abstract: This paper deals with production activities planning on a tactical horizon for the phosphate
industry. The studied supply chain is organized depending on the transportation modes used. There exist
trains and pipeline that transport phosphate rock and pulp (respectively) to export and local customers. Due
to the predetermined allocation of raw materials used currently in producing the final product, planning
production activities in this supply chain should be then reorganized in such a way as to consider all the
production configurations related to the use of each of the two transportation modes using such a flexible
allocation instead. Moreover, customer requirements in terms of product quality represented by quality
charters may be changed by the customer over time and from one order book to another for the same final
product, which makes satisfying those requirements difficult. Thus, an integer linear programming model
is developed and allows a global optimization of allocating raw materials and routings dynamically to
satisfy the two types of customers at a lower cost. This work concerns a real industrial context and the
numerical results provided prove the efficiency and flexibility ensured by our approach in comparison to
the practices adopted currently.

Copyright © 2022 The Authors. This is an open access article under the CC BY-NC-ND license
(https://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. INTRODUCTION sent by pipeline are obtained by a blend of WSO processed in
washing (P configuration), while MOs sent by train are
obtained by blending SOs and/or WSOs followed by an
obligatory drying process (T configuration). This supply chain
is strongly constrained by the prohibition on disrupting the
supply of pulp to chemical plants (local customer) via the
pipeline (loss of prime events).

This paper deals with the tactical planning of the treatment of
phosphate rock in a part of the phosphoric supply chain (SC)
of the OCP Group, a Moroccan worldwide company
specialized in producing rock phosphate and its derivatives. It
proposes a more efficient and effective planning process than
the current one.

Figure 1. The studied supply chain
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level (mid-term). This level generally defines quantities of
supplied products, resources requirements, inventory,
quantities of produced products, and distribution canals
(Rohde and Wagner, 2005; Rudberg and Cederborg, 2011).
The model developed in this paper finds effective and efficient
tactical planning of production activities, keeping the MOs
assignments to P and T configurations but relaxing constraints
of SOs pre-affectation and routings to use. In section 2, we
review the literature on planning production activities in
process industries. In section 3, we present the different
hypotheses adopted on this studied supply chain and the
mathematical model developed. Numerical studies and
analysis are proposed in section 4, before concluding with
some perspectives.

2. LITERATURE REVIEW

Planning production activities in process industries were
treated several decades ago by researchers (Kaz’min, 1965;
C.Hax, 1973; Schuermann and Kannan, 1978; L. Smith-
Daniels and E. Smith-Daniels, 1986). Planning decisions
concern generally resource acquisition or utilization and have
extensively been considered by many process industries: Dairy
(Schuermann and Kannan, 1978); petroleum and
petrochemical (Kaz’min, 1965; Al Sharrah, 2001); chemical
(Arbiza et al., 2008; Shah and Ierapetritou, 2012; Hahn and
Brandenburg, 2018; Dutta et al., 2018; Demirhan et al., 2020),
Steel (Berr, 1979; Rudberg and Cederborg, 2011; Dutta and
Fourer, 2004), tomato (Rocco and Morabito, 2016),
pharmaceutical industry (Feng et al, 2011), mining
(Azzamouri et al., 2021; Hilali et al., 2022), etc.

The two types of decisions mentioned previously differ in
scope and depend mainly on three aspects: the nature of
supporting information, level of management involvement,
and length of their planning horizons (Hax, 1973). For the
horizons, planning production activities were treated at a
strategic/long term by Dutta et al. (2018), tactic or mid-term
by Rudberg and Cederborg (2011), or operational (short-term),
which refers to scheduling and deals with assigning tasks in
time (Arbiza et al., 2008) or through considering several levels
(Hax, 1973; Hahn and Brandenburg, 2018). The different
industries improving their planning techniques produce either
for the final customer, which is a direct consumer of products
(individuals) as was the case for Schuermann and Kannan
(1978) for the production of a high-volume standardized
product (the I1-gallon package of milk), or produce
intermediate products or developed raw materials for further
treatments in other companies as for Al-Sharrah et al. (2001)
in producing for plastic and synthesis resins manufacturing.
Generally, researchers have dealt with planning in the
literature via the development of OR models and using
optimization techniques (Schuermann and Kannan, 1978;
Berr, 1979; Al-Sharrah et al., 2001, etc.); development of
algorithms (Florian et al., 1980), or via Advanced Planning
Systems and metaheuristics (Rudberg and Cederborg, 2011;
Arbiza et al., 2008), etc. Concerning the objectives, some
researchers have chosen to focalize on only one objective,
which is an economical one with minimizing production costs
(Florian et al., 1980) or maximizing profit (Dutta et al., 2018).
Other papers have chosen a combination of objectives among
customer satisfaction, environmental impact, economic

considerations, makespan, and lead time (Arbiza et al., 2008;
Hahn and Brandenburg, 2018; Shah and Ierapetritou, 2012;
Fengetal., 2011).

To the best of our knowledge, no work has considered the
problem of loss of performance due to resources partition
depending on different types of clients, transportation modes,
and the related production configurations at a tactical level.
Our work considers as well a combination of aspects that
haven’t been yet addressed in the literature: (i) choosing
between different supply sources (mines), (ii) choosing among
different alternative routings, (7ii) integrating a predefined
sequencing program depending on the storage and non-
disruption with loss of prime, and resources capacity of the TS
tanks (iv) prioritizing the satisfaction of some customers
among others, (v) producing products which are primary ones
for other customers (companies) and (vi) managing through
the objective function products quality and production costs.

3. CONCEPTION AND MATHEMATICAL MODEL

3.1 Hypothesis and conception

Planning the production activities of the studied supply chain
implies considering the site's infrastructure and the physical
and organizational constraints resulting from the integration of
the pipeline and trains.

On the one hand, the local customer cannot suffer shortage
(loss of prime constraint) and consumes a continuous rate of a
specific MO fed from tanks of the terminal station with a
limited capacity to store phosphate pulp temporarily. On the
other hand, there is more flexibility in preparing orders for
export customers (whatever configuration T or P) due to the
delivery time, which takes the form of a time interval.
Therefore, production should be organized in washing plants
while considering storage constraints and order books for
export customers. We propose to consider a predefined
sequencing program and adopt the logic of “repeating
production cycles”. Since the supply need of the local
customer is continuous and remains stable, while integrating
smoothed orders to satisfy export customers, repeating
production cycles leads to a steady-state. We propose to
introduce two sequences A and B. In sequence A, the
production concerns only the local customer using all the
available production lines until the saturation of storage tanks
downstream the pipeline in K09. In sequence B, the production
is shared between production lines of washing plants to
produce sequentially for local customers and export ones. In
parallel, this second sequence ensures emptying storage tanks
of K09 saturated during sequence A. Sequence A followed by
sequence B composes a “production cycle”. The duration of
each sequence depends on the output flow rate of lines
mobilized, the capacity of storage tanks, and the internal
consumption rate of the local customer. The maximum total
volume of final product produced in sequence A is divided into
several batches for quality insurance (each batch may have its
blending formula depending on available ores). For sequence
B, we choose to start production for export-pipeline customers.
The residual volume allowed to produce during a production
cycle for the export customers will be then dedicated to export-
train customers and divided into several batches non-affected
to orders, and the model attributes (or not) one batch or more
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to this category of customers. Figure 2 illustrates one
production cycle with the duration of each configuration, the
stock evolution for each one during each sequence, and the
corresponding evolution of stocks. Consider that the upstream
rate (resp. downstream rate) of TS stock is #; (resp. r2),
expressed in m’h, and the storage capacity is L. Then,
sequence A lasts L/(r;-r2) hours with a production of r;. L/(#;-
r2) m’; the stock fills up with 24(r;-r;) m® per day. For
confidentiality reasons, only some values are explicitly
represented in the figure.
Production cycle
« Sequence A R SequenceB |
0 25h 56,25h
(Line1]
Line 2

(Line3 |
[ Line 4 ]
[ Lines |

27000
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Figure 2. Illustration of the proposed sequencing program

3.2 Mathematical model

The developed integer linear model takes into account the
proposed sequencing program and a set of data related to the
current infrastructure. It doesn’t consider any maintenance
constraints or set-up times. Volumes are expressed in m* and
the output rate of washing plants in m3/h. However,
conversions from m? to the ton or the inverse occur with a
standard rate determined by OCP Group. The model considers
some restrictions (predicates defined with the operator ‘|’ in
the mathematical model) to reduce the number of variables and
constraints and, consequently, the execution time.

Index Description

t Index of time.

i Index of inputs.

J Index of outputs.

P Index of export-train orders.

r Index of export-pipeline orders.

k Index of elementary orders to produce in

washing plants.

m Index of mines.

h Index of routings

c Index of chemical components.

! Index of washing lines.

Parameter  Description

General parameters

D, Volume of elementary orders k (in m?).
D;D Volume of orders p (in m?).

A Output index of local elementary orders.
P, Output index of export-pipeline orders.
n, Output index of export-train orders.
Technical parameters

ci

Nin

Yeih

Ky
I1

ml

¥

m

Cy

By
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Proportion of component c in the weight of
input 7.

Reduction of weight coefficient of input i
by routing A. If the routing 4 is not used to
process SO 7, then ny, =0.

Distorsion coefficient of component ¢
belonging to input i using routing A.

Lower and upper bounds of the proportion
(%) of component ¢ in the weight of output
J» with - j=2X;: of order k of the local

customer. - j =p,.: of order r of the export-

pipeline customer. - j =1, of order p of

export-train customers.

Target bound of the proportion (%) of
component ¢ in the weight of local output
J =X, of the order £.

Boolean worth 1 if the elementary order k&
involves washing plant /, 0 otherwise.

It is equal to 1 if k corresponds to the local
customer, equal to 2 for the export-pipeline
customers, and 3 for the export-train
customers.

Mine from which the input i is extracted.
Boolean worth 1 if the mine m feeds the
washing plant /, and 0 otherwise.

Boolean worth 1 if the mine m feeds the
drying plant, and 0 otherwise.

Index of the export-pipeline order r to
which the elementary order & belongs.

Time parameter

0

W

Production time of the elementary order £.

End period of elementary order &
production.

Starting production periods of elementary
order k.

Earliest delivery period of order p.

Latest delivery period of an order p.

IHVGHIOFV parameters

Sl:l’i it
i
Qi

d

Initial stock of input i at #=0.

Provisional production program of mines,
defined by input and period t.

Hourly production rate of washing plant
line / (in m*/h).

Cost parameter

O

Pp
1

W!Ji
2

W!Ji

Gap penalty for each component c.

Cost of treatment using routing 4.

Cost per unit of convoying SO i to drying
plant.

Cost per unit of convoying SO i that needs
enrichment to washing plant and then to
drying one.
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v Cost per unit of convoying SO i to washing
o .
i plant for enrichment.
o' Cost per unit of extracting SO.
Constants
M Big number.
€ Minimal quantity to use for each order.
Variables  Description
Decision variables
Xinlk Binary worth 1 if SO i is processed by

routing 2 on washing plant / to produce

elementary order & forwarded via pipeline.

Binary worth 1 if SO 7 is processed by

routing # on washing plant / to produce

elementary order to prepare order p and to

forward via trains to export customers.

Quantity of SO (in ton) used to produce

order p delivered at time ¢ and forwarded

via train.

Binary worth 1 if the production of order p

ends at time ¢.

Auxiliary variables

Welk Weight of component ¢ in the volume
produced by washing plant [ for the
constitution of elementary order k.

p'cp Weight of component ¢ in the volume D'p .

Yinlip

itp

8,

Ay Gap between the optimal solution proposed
by the model and a target value from the
customer charter of each component c.

S State of stock of input 7 at the end of period
¢ (in ton).

Objective function and constraints

Min(P, +P, +P; +P;) (1)
with:

Pl = Zc,k GC'ACIC

d; -6, .x;

P = (Y O X

2 (Zl,h,HAk<3/\BM=1/\H“I,_,=1/\T]M>0 - Ph

d; -0, Yihikp

Nik

Zi,h,k, PIAL=3ABy=IATT,  =LAn, >0AE, Sy <L, Pn)
_ I
Py = (Zi,t,p\‘l’w =IAE <t<L, Zitp 'wu, )+

dl -Gk X;
Xihlk 2
(Zi,.h,k\A,r BABy=IAIL,  =1An;>0 W, )t

Nin Hi
(Z d; '9k~yihllq9 \|I3 )
ik, plA=3ABy=IAIl  =1An; >0AE <oy <L i '
Py=() . Zyy, t+
4 (Zx,l,p\‘{’“flAEpStst itp
¥ dy O Xingg
Lhk|A L <3ABy=IAIL =1An;, >0 M

d; Ok Yinnp o

Zi,h,k,pe_-’?"’ |Ag=3ABy=1AIl, ;=1An;>0AE j <o <L, M
i

Subject to:
Zi’ NI, A0 bl = LVk,I|A; <3ABy =1 (2)
zh,l|H%,=lAn,h>0ABkl 1 Yink SLVELE|Ag <3 @)

b =192, I, =y >0 Sl Oci Vet Ve, k| Ay <3ABy =1(4)
Mi M.

Ban, Dk <Dy Mok <B Di. Ve k| Ay =1 (5)
Min Max

BCP, ‘ZﬂAk:zAck:er szk,/pk:uc‘:ma“ﬂ”dk SJScp, leIAk:ZACk:er’VC’vr (6)

2L Lany >0nE <oy <L Yitlip = b VKL | Ay =3By =1 (7)

5 ,=1Vp (8)
Z:|E pst<L, Pt
Ziy SMS Vi p,t|¥ =1AE, <t<L, ©)]
D, :Zi,ﬂ\l’ —IAE, <e<L, Zip *
My r P (10)
Zi,h,k,llA,-(:SAB,d:lAHh,=1/\nm>0/\E pSo<L, dy Ok - Vinigp VP
! = 7.
Hop = Zi,t\‘}'w 1B et e Gt
(11)
Zi,k,ke BT A 0nE, o, <L, ) O ic Vi Vit V0, VP
B D), <ufp <BU D). Vee s, pe. (12)
S;; =z0,Vi,t (13)
Sio =", Vi (14)
Vi, Ve,
Si! :Si,f—l +Qir _ZPNJM =1AEPSISLP Zipr
_ B, -1 15
Zh,.’(,flﬂkﬂ/\HFEFI/\T]M=1ABH=]AF,‘=EAI]ih>0dI O e /s (13)
_thknflAk=2/\HMI=1Anih=lABk;=lAFk=!AT]{h>UdI O
_thPrkJIAﬁ =3ATL =1, =LABy = ARy =tay, >0di .Bk Yinlkp /nih
Agz), Mo — T, D
1B, =1He ok
P £ vek (16)

> —_
A 27, Dy leBkFlPLdk

3.3 Comments

 Relation (1): We are interested in a cost objective function,
which aims to minimize the total costs related to P;: penalty
attributed to the deviance between a target value of the
quality charter for each component ¢ and the proposed
solution by the model. P»: Production cost related to the use
of routings 4. Pi3: Production cost related to conveying
ingredients between the entities. P4: Production cost related
to extracting SO.

¢ Relation (2) reflects the fact that every treatment line
affected to an elementary order k should produce a unique
WSO and describe that each input is used at most once to
produce the elementary order k. This constraint is realized
while using a set of predicates described above.

e Relation (3): WSO flows forwarded via pipeline can not
mobilize a SO more than once.

e Relation (4) represents the weight of component ¢ in the
WSO used to produce the elementary order £.
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e Relation (5) is the constraint that allows respecting the
quality charter related to the local customer, which is
realized in the HS, once the WSO are blended

e Relation (6) is for respecting the quality charter related to the
products export-pipe. Once all the batches that compose the
final product arrive at the terminal station, the quality of the
blended products respects the quality charter requested by
the customer.

¢ Relation (7) signifies that every treatment line is affected to
produce a unique WSO for the elementary order & to produce
the export train order p. The reserved batches for this type of
customer are programmed, and the model determines the
batches that should belong to the orders p.

» Relation (8) reflects the necessity of determining the end date
of treatment of order p. This should integrate a binary
decision variable & pt that takes the value 1 if the preparation

of order p ends at period ¢.

e Relation (9) determines the minimum quantities of raw
ingredients to use for each order p.

e Relation (10) represents a conservation constraint for
respecting the volume of export-train orders.

¢ Relation (11) illustrates the weight of component c in the SO
and WSO used to produce the order p.

e Relation (12) is the constraints of respecting quality charter
for export train products.

¢ Relation (13), (14) & (15) represent the equation of stocks
conservation. It considers the volume of products consumed
for each order during the period ¢ and the provisional
production program of mines.

e Relation (16) is a formulation of the gap between a target
value of the quality charter and the solution proposed by the
model for local product.

4. NUMERICAL RESULTS
4.1 Data used

The model is executed using fictive data, but close to the ones
used from Khouribga’s site. The inputs integrated consider
customer's requirements in terms of volume, quality defined
by the customer charters, and delivery time for export-train
customers. We consider as well the data related to the studied
infrastructure: output flow rates of washing plants lines,
mobilization of lines for each type of order, the provisional
production program of mines per SO and period and the
corresponding quality, the initial stock per SO, indicators of
quality management in washing plants (reduction weight rate
and distortion rate), the existing conveyors and links between
mines and washing plant on the one hand, and on the other
hand between mines and drying unit. The model takes into
account the proposed sequencing program for washing plants
lines, the necessary production duration of each elementary
order k, the volume of each k, starting and ending periods of
production for each order k, the correspondence of elementary
orders k to a local order, export-pipeline or export-train orders.
The model is fed by cost indicators related to the extraction,
conveying, and enrichment of ingredients. For illustration
purposes, the model is executed using the example of one
production cycle but composed of several orders to satisfy.
The model can consider an order book much bigger, covering

several months of production, depending on the available
information about the availability of ingredients, their
chemical characteristics, and the customer's orders.

4.2 Model execution

The model is executed using FICO’s Xpress-IVE AML. One
of the main/strong characteristics of the proposed formulation
of the model is the intensive use of predicates to represent the
physical complexity of the studied supply chain with fewer
constraints. It reduces drastically the computational time with
an average of 20 s. The model defines as well the periods of
using raw products, the mine source, the quantities of each
ingredient composing each order, the washing plants lines to
mobilize, the chemical composition of the orders, and the state
of stock at the end of each period. The tables below (Table 1,
Table 2) present the optimal solution for each type of
customer, depending on the possible production configuration
allowed for use in each order and while considering the three
chemical components BPL, MgO, and Cd.

Table 1. The proposed solution for export-train orders

SO WSO
. |8 e w|E |82 |82
27 & = |€ = 22 8| - =l 8w |E £ S
= o = a 5‘ “ =~ o] = = 5 5 S 5‘ “
13 11 | 349,22 1 5 1 1 10 3465 | 4029,07
1 15 | 11 | 1964,1 511 1 12 3465 | 4029,07
17 | 11 | 10757 511 1 8 3465 | 4029,07
2 15 | 17 [3537,1| 2 5 |2 1 10 1925 | 2238,37
20 | 17 | 29148 512 1 12 1925 | 2238,37
3 15 | 11 | 2721,3 511 1 9 3465 | 4029,07
17 | 11 ] 9573.,8 511 1 11 3465 | 4029,07
3 512 1 8 1925 | 2238,37
512 1 9 1925 | 2238,37
512 1 11 1925 | 2238,37
Table 2. Proposed blendings for the order book
e @ = [
g g 2 o B 2| €| g £ s ' S E @
s| 22| 22 |EB|lz|5| e | E2 |5cE
gl ECe | v8 |~ |& g @ 22 (2 &7
@ | = ° & | &% |F
< 1 1 1 10125 [14627.28
8 10 1 2 5625 7147,40
E 1,234,5] Local | 15| 1 | 4 7875 110739,121 40500
g 17 1 3 9000 ]12100,03
n 18 1 5 7875 |10158,67
™ 15 1 3 18000 |24546,57
8 6 Local |16 | 1 | 5 [ 15750 [2210837| 46500
E 23 1 4 15750 |21175,05
g Export- | 2 1 1 2925 3985,01
@ 7 pipI;line 10 1 2 1625 2064,80 4550

The model proposes a solution that fully satisfies the
constraints integrated and most importantly customer
requirements. It provides a general program including all
entities of the site from mines to the last stages before shipping
MO and organizes production activities.

Our approach leads to improve the studied supply chain
performance by proposing efficient allocations of SO/routing
to the different types of orders depending on the transportation
modes used. It replaces the current approach where predefined
recipes and routings are used while prioritising the satisfaction
of some orders among others because of their high volume or
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special chemical characteristics. Currently, any lack in the
ingredients of the predefined recipes leads to several problems
related to satisfying customers' needs. Instead, and with the
proposed approach, more flexibility is ensured and all orders
should be satisfied depending on their specificities and the
ingredient's availability.

5. CONCLUSION

This work deals with planning production activities in the
tactical horizon of a phosphate industry. Different production
configurations exist and depend on the two transportation
modes to use while considering the huge infrastructure of the
site, ingredients and resources availability, and loss of prime
constraint for the chemical complex. This paper proposes a
sequencing program of production in washing plants and the
development of a MILP model. The outputs of this model are
related to defining the optimal combinations of SO/routing to
prepare each order while minimizing production costs. This
guarantees flexibility and dynamism in preparing orders and
better-quality product management. This work stems from a
research contract with our industrial partner. In this paper, the
convoying constraints between the entities of the site are not
considered yet. It is one of the perspectives envisaged. To this
is added, the consideration of upstream of the supply chain by
the integration of mines and the impact of extraction method
used in better satisfying clients.
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