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Abstract: Logistics costs account for up to 75% of the po€eifrican goods, making them a greater tradeibain
Africa than tariffs and trade restrictions. Impnayi delivery efficiency is therefore critical for lmncing trade
competitiveness. This paper examines the effeasgf West African ports as a hub, proposing gmasetric hub
system that links West Africa, Europe, and SoutheAioas transatlantic supply chain, and companedlita traditional
multi-gateway configuration. A multi-objective optization approach based on the e-constraint methadopted to
generate the Pareto frontier between conflictingrlishipping goals- cost reduction, environmentatanability, and
on-time service performance. The results highlighgtrong empirical correlation between emissiomsicgon, fuel
efficiency, and liners tactical decisions, contragbn-time/ cost performance. This finding presliter's support for a
higher probability of failure for on-time deliveander energy efficiency scenarios, whereas thesifgpis also true, that
is, improving customer service for high pollutidtowever, given the above goal conflicts, the anslysveals a clear
macro-level tradeoff between hubbing and de-hubsirajegies. Overall, the results suggest thattadppn asymmetric
hub system can enhance West Africa trade compatitiss and sustainability. These insights shoulduwrage
policymakers to prioritize strategic hub-port invesnts and provide liner operators with a set ofaoptimal solutions
for redesigning logistical networks that better aomle cost, service, and environmental performaressa the
transatlantic supply chain.

1 Introduction connecting West Africa, Europe, and South Ameriiza v
Containerized liner shipping, as a fundamentalranto centralized or decentralized transshipment nodes th
the global supply chain, is expected to operatt wigh benefit from economies of scope. This, then, ireesa
efficiency, i.e., low costs, on-time delivery, anet zero traffic density, leading to economies of densityd am
carbon dioxide emissions. Logistics service cogts, reduction in the logistics costs known as econonofes
particular, have been continuously increasing ¢verdast Scale [5]. Aware, the West African governments &m
years; of these costs, transportation accountsédargest transform their port into logistic services centdes
share (60-80%), followed by carrying costs (15-3086) mterngnonal trade and rgglonal gateway/hub portsugh
administrative costs (5-10%) varying across coestfl]. large investment campaigns [6]. o
Although an increase in logistics costs can bettedarket ~_ Establishing a hub port within the West Africaniceg
growth, studies have shown that logistics costsierging (Figure 1) is critically relevant to the economiteigration
economies are significantly higher- often accouptior ~ of its countries into the global trade system. @ivts
10-20% of a country's GDP- compared to less than ih0 strategic location at the Atlantic crossroads betwe
more developed, efficient economies. For exampléfrica, Europe, and the Americas, such a hub could
logistics costs within/to the African region areanyg the significantly reduce logistics costs. However, wiegtthis
highest globally [2], affecting African costs ohished €conomic gain (e.g., economies of scale) is seffity
goods and trade competitiveness. Stated somewhat m@reat depends on various spatiotemporal factorkjding
specifically, the high transport costs accountioto 75% Supplier-customer geographical distances (Westcafri
of the price of African goods [3] and represent aren Europe, South America), cargo volumes, daily ojpemat
significant barrier to trade in sub-Sharan Afrideart ~COSts, and the efficiency of other distributionteyss (e.g.,
terrifies and trade restrictions, leading to arinested Multi-gateway port model). At the same time, cargo
export loss of $65 billion annually [4]. con_sohdatlon increases fuel costs and_gmmsmnmbmg
Supply chain management literature and practid@sistance to displacement- a critical factor often
underscore several strategies that can be adoptedOverlooked in previous literature proposing hub
mitigate logistics costs. One commonly adoptecteya  distribution systems- contrasting for example theltim
entails combining multiple shipping routes, suchtase gateway port model balanced cargo distribution. gedy-
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Saharan Africa (SSA), which is among the most walble  from the research community. One commonly employed
regions to climate change, the environmental imgdct strategy involves moving goods via transshipmertt hu
vessel displacement cannot be overemphasized.thbis, facilities, leading to hub location problems. Légrmre
justifies the need to investigate the proposed asstmic regarding the hub location problem has been thdigug
hub system effectiveness versus the traditionaltimulreviewed by [5]. The authors emphasized the releyar
gateway port model in West Africa before any policyeconomies of scale to this type of problem, whiahye
reforms or significant investment campaigns. literature poorly captured. Furthermore, the imaoce of

In a hub location problem, liner shipping must deci economies of density and spatial scope cannot be
on the optimal hub port location and logisticalwatk overemphasized. [8] provided a detailed surveyistiag
design (e.g., routing planning, fleet deploymemd a studies on liner shipping routing and schedulingthw
schedule design) centered around the identified Maby particular emphasis on the development of optinopat
tactical or operational decisions that liners havenake models, solution algorithms, and underlying assionpt
throughout the logistics network design are cotifiggin  in this field. The literature review also encompsss
their nature. It follows that providing on-time istics various planning levels, including strategic aspscich as
services (reliable) entails major capital outlaysr f determining fleet size and designing the broadgistazal
deploying a designated number and type of vesSéls. network, tactical decisions such as setting service
in modern times, characterized by short life cycleBequencies and allocating vessels, and operational
products, and consumerism, adopting higher speads ltoncerns involving container assignment, route
become necessary. Although both techniques carowapr adjustments, and rescheduling procedures. The study
shipping schedule , they also lead to elevatedeldégsl concludes by identifying key directions for futuesearch,
consumption, environmental impacts, port-relatedsfe especially in enhancing delivery reliability anaproting
(pilotage, towage, mooring), and other vessel-eelat logistics sustainable practices.
handling expenditures. Contrariwise, high shippiimge As discussed earlier, decisions in liner shippirthese
(service unreliability) leads to a substantial fiséogistics three levels often conflict. However, most traditib
costs/time such as inventory holding costs, chamsts, models in the literature usually combine confligtin
and hidden customer dissatisfaction costs. Withagr objectives into a single one, limiting crucial teadfs. Only
research on hub location problems usually modeileys a few studies address these conflicting objectives,
objectives as a consolidated goal, overlooking irged  primarily focusing on tactical decision levels imdr
tradeoffs, and/or proposed costs versus pure timghipping.
minimizations, which is still limiting in the abowntext. For example, [7] examined the vessel scheduling
To explore this gap in the literature, this papadrasses (tactical level) problem and introduced a globalltmu
these issues from a multi-criteria approach. Ieothords, objective optimization algorithm using the epsilon-
this study proposes a nonlinear mixed-integer multconstraints method to handle the conflicting olyest
objective optimization framework that disentangtee Numerical experiments conducted on the Asia-
main cost components of liner shipping- previouslyediterranean Sea route revealed through sensitive
aggregated in the literature-into distinct and cetimy analysis that vessel schedules are more respomsive
categories, using a similar approach comparahibatoof fluctuations in fuel costs than to changes in eimiss
reference [7]: costs that usually decrease witketiand costs.
costs that commonly increase with time. The primary [9] investigated the conflicts between fleet dgpient
purpose is to investigate the effectiveness optioposed costs (tactical decision levels), transportationeti and
asymmetric inter-hubs and spoke system comparéteto emissions, proposing a weighting method to analyze
current multi-gateway port model from three pergipes: crucial tradeoffs between pure cost and time mirétidn
logistics costs (logistical economic perspectidglivery and between cost and emissions. Numerical expetimen
unreliability (economic and customer-service pettige), suggested that cost reduction could be achievexuighr
and environmental sustainability (societal-enviremtal longer transportation times.
perspective). The cost-tradeoff is assessed usiaget [10] examined green vessel scheduling (tacticeilstlen
constraint method. levels) and proposed a multi-objective model touoed

Following this introduction, this paper unfolds ascosts, emissions, and service unreliability. Corapomnal
follows: The next section is dedicated to the refév experiments showed that port congestion's impact on
literature. The third section defines the problefrthis  delivery unreliability is more significant than gffects on
study. The fourth section designs the mathematicalel. additional costs and emissions.
The fifth section depicts the data utilized in thisdy, and [11] addressed the vessel scheduling (tacticabkidec
the sixth is the solution approach and analysisieldeer, levels) recovery problem by proposing a multi-objec

the final section is the summary of the study. model to reduce late arrival costs and total priufds
during disruptive port events. Numerical experinsent
2 Literaturerevien along the Europe-Pakistan route demonstrated tieat t

The problem of moving goods across the supply chaffodel can efficiently generate a set of Paretorugtti
from supplier to customer has received signifieatention ~ solutions. Yet, a significant body of literatureshtaken an
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alternative approach, merging conflicting objectiveto a  (ii) vessel deployment, (iii) vessel operationaktcdiv)
single objective function; see for instance, [12-16 vessel fuel consumption, (v) vessel emission, aigOrt

time windows.

2.1  Contribution

1)

2)

3)

3

Few studies have explored the role or effectivelséss 3.1  Routes, fleet deployment, and hub location

West African ports as a hub center within the problems

transatlantic logistics network, which connects Wes Container cargo is typically transported by vessels
Africa, Europe, and South America. Moreover, ergti deployed in a set of optimal routes. Let P = {1n,}
research often combines conflicting objectives iato represent the set of available port calls and ketk (K=
single objective function, overlooking important{1 5 . n,}) denote the set of available vessels that can
t.radeoffs. This study aims to address these game_m be assigned to a ship route R. for a given ship type k a
'S';esrtaet#]re and proposes an asymmetric hub delivefjnary variable, is introduced, taking a value of 1 if the
Existing studies provided limited if any, insiglitgo ‘(’)ef)fﬁ('ea?sis'g;‘fr?htgrm;g' *’tﬁgwiigrﬂgrrft"’?gfn';ﬁg .

comparing the asymmetric hub system in maritimgubsequent ports (e.g., poto j) is defined as a voyage

logistics with the multi-gateway port system. Thi . _
studly fills this gap in the literature by offeriagletailed ﬁeg (.., voyage legd ). Let he Hy,(H,,= {1, 2.7, })

comparison from a multi-criteria  optimization P& @ Subset of P representing potential hub parsnary
approach. decision varlabIng is introduced, taking the value of 1 if
This paper focuses on the West Africa, Europe, ambrt he H, is designated as a hub, and 0 otherwise. The
South American transatlantic supply chain, a corrid optimal hub location is determined using a p-hubtee
characterized by historical trade relationshipsen¢ approach.

increases in cargo throughput, and strategic positj Six potential hub ports were selected based on
at the Atlantic shipping crossroads. Research eseth previously discussed port investment initiatives dihe
regions provides valuable insights into the releeasf  growing cargo volumes [6]. These are the port aitlfsm,

hub distribution systems when compared to othgyort of Dakar, port of Tema, port of Lomé, portLaigos,

systems such as multi-gateway. and port of Praia, (Figure 1). In addition, keystrg hub
ports- Tanger Med, Las Palmas, and Antwerp- were
Problem description considered to assess their influence on hub ptattsen

This section outlines the problem description, fixesg iIn West Africa, as they currently serve as primagps

on key decisions related to hub location and miier| along the West Africa-Europe-South America trarsuait
shipping features, including (i) network designigiem, logistics network.
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Figure 1 Map of West African nations, showing active ports (dots) and candidate hub ports(circles) [17]
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The port of Algeciras was chosen as the represemtat Africa- serves as the main connection point, ligkia all
hub for Europe, while the port of Santos was settér other hubs (e.g., Europe and South America). Howeve
South America. The designed destination ports fan@s direct connections between non-central hubs, Elgope
regional hubs, forming an asymmetric hub and spolend South America, are absent, (Figure 2).
network. In such a structure, a central hub e.gestwW

O =[] Eckert VI modifiad

E | 3000 km (oquat.)
)
% | 2000 mi (cuat)
5| 2000 mi(equat) |

Figure 2 Map showing transatlantic routes for West Africa-Europe-South America trade under two different models: the asymmetric
hub port approach (red lines) and the multi-gateway strategy (black lines)

3.2 Vessd operational cost Where:

The main operational expenses for a vessel inglode @, - is the charter cost parameter (USDyp, - is the
fees, container handling costs, and sailing-relategpacity (ton) of vessel 2 is the factor modeling the
expenses. Sailing-related costs encompass bothafubl effect of economies of scale due to the vessel, size
operational expenditures. Fuel costs are direstketl to 0 <a2 < 1.
the vessel fuel consumption and prevailing pridds)]. The port-related expenses primarily consist of earg
The fuel cost for a vessel operating on voyagei eg.  handling charges and port dues. Port dues repréefaes
within route re R can be determined using the followingincurred at each port for towage, mooring, ancdtage. At

equation (1): port p€ P within a given ship route & R, The port dues
were estimated using a linear regression modeldbase
VECyy = fP. Yrer Diet, 2kek Vf Cirke (1) actual cost data obtained from West African port
authorities. The estimation formula is (3):
Where:
f? - represents the fuel price (USD) PDCy, =SLpcp-Capy + inpep 3)

vfcgr, T ER ,1€1., k € K - denotes the vessel fuel
consumption on voyage leigof route r considering a Where:
specific vessel typk SL, ep - represents the regression slope for patp;

) ) Cap,— is the capacity of vesskeE K;
__The daily charter and vessel operating COStS ajg - is the intercept of the regression model for port
influenced by several factors, such as vessel sizay, peP.
i”S“Fa.”CG’ _repair and maintenan_ce, stores and, labéls ™ cargo handling Fees (THC) cover loading and
admlm_stratlon .[18’19]' .The daily charter gnd Véss%nloading operations at each port along a vesa&t rdhe
operating cost in the ship routes R can be estimated as ., cargo handling charge at ppré P in shipping route
follows (2): r € R is estimated as (4):

VOoC, = a,.Cap,** 2 1
r = o Cap, @) THCp =g el + 1 e cl2i4(2q) (&)

@ OB ~ 684~
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Where: Where:
cpep®, cheh, - are the unit handling cost (USD) parametersf - represents the emission factor in the sea @bns

at porti, i € P, and hub porh, h € H,,. g;- represents the emission per tons of fuel). _

number of containers (TEU/week) transferred athhb €cp - (.USD per ton) represents the unit cost of

porth € H,. In addition, the container-related costs ann&m'Ss'on‘

the ship route € R are computed based on the container:

usage (lease expense) and the inventory holding co o ) . . '

Thegse c(osts are ir?fluenc);ed by: (1) The unit c)i/aityal cogst Thg maritime container termlpal operator m|g_ht niefi

for each container (USD/day)(2) The unit hourly a specific t|‘;ne window starf ;") and time window
en 1

inventory cost for each containefUSD/hour); and (3) the €Nd (W) at each port for vessel arrivals and

total transit time (in sea and ports) along the Wdsca-  departures. This paper assumes that service abegirs

Europe-South America transatlantic logistics nefwor immediately upon arrival. If a ship arrives toolgabefore
time windows startTw;3™*), it must wait in a designated

3.3 Shipsailing speed area. If it arrives late, a penalty cost is incdrrestimated

Reducing vessel speeds (slow steaming) is a commd#s follows (9):
strategy to decrease fuel consumption and lowdyocar )
emissions. However, it also impacts the ship’s ditan LAC,ye=Xrer Zier, LCri - LAT o, VT € R, i€ L. (9)
time. The sailing time for a given shipping leg I,

.6 Port timewindow

within router € R is estimated as follows (5): Where: _ .
LC,;, represents the late arrival cost parameter (UBD) i
SST,; _Vi_Sir (5) t_he port of call on the ship route LAT,;;, is the late arrival
irke time.
Where:

4 Methodology

This paper adopts a quantitative modeling approach
using a multi-objective  mixed-integer nonlinear
programming (MINLP) scheme. The research procedure
involves: (1) formulating a mathematical model that
. . captures conflicting goals in liner shipping, irdilg cost
34  Shipfud consumptlon. . efficiency, logistics service performance, and
A vessels fuel_consumpnon on a given route Iz, ;onmental sustainability; (2) collecting reabnd
influenced by multiple factors, including sailinged, operational data; (3) implementing the e-constraiethod
weather conditjons, hull conditions or its payloaléep with CPLEX to'generate Pareto-optimal solutionse Th
water, anq Sh'P.g.eO”’.'e”y- Many prior studies O”. fu‘?ollowing subsections provide further details oa thodel
consumption optimization focus on speed as theggm ¢ . 1o+00 204 solution procedure
determinant of fuel consumption. Typically modelesihg '
a power-low relationship (6), [20].

Dis;.(i€e I.,v €R) is the distance of shipping lége I,
within router € R.

V(i €L, r € RKkE K) is the sailing speed on the leg
i€ I.

41 Mathematical mode

X — This paper proposes a bi-objective mixed integer
_Yk(Vrik)'k

VFCipp=——"— (6) nonlinear programming (MINLP) formulation that
minimizes the main production costs of a liner pig
Where: route. The costs are divided into two conflictingugps:
n.9x (k€E€K) are the vessel-specific parameter€1- costs that rise with transit time, (1) dailyssel charter
characterizing fuel consumption behavior. and operational expenses (VOC), (2) containermggsies
at sea and in port (Clease), (3) inventory holdiosf in the
35 Shipemission sea as well as at ports (CINV); (4) late penaltest

The amount of emission a vessel produces is direcLAC); (5) terminal-handling charges (THC); and Z2-
correlated with its fuel consumption and emissiatdr at  COStS that decrease with transit time, (6) shipseioin cost
sea. This study primarily considers carbon diox@®2) N the sea, (7) vessel fuel consumption cost, (8) gues
emissions in the sea. Other greenhouse gases (G$i@h) (PDC).
as Sulphur dioxide (SO2), might be reduced by lavger
fuel Sulphur content or implementing technical nugas, Nomenclature
such as exhaust gases filters [9]. The emission and
emission cost at ship legeil, of router € Rcan be S€tS

estimated as follows (7), (8) [20]: P={12, ...,n,} set of port of call
K={1,2, ...,n,} set of available ship’s (ship types)
VE;w=ef.Dis;, . Vfc (7) Hp= {1, 2...an} set of hub port
VECirk: eCp-ZiGIT ZreR ZkeK VEirk (8)

o
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Binary variable SL; slope for the equation of simple linear regrassm
x;x =1 if ship of type k navigates the shipping legnfirport approximate the port due cost at gort

itoj, (=0 otherwise) in; intercept for the equation of simple linear regien to
yu, =1 if port he H, is selected to be a hub port, approximate the port due cost at gort

(=0 otherwise) Pt; port time at port (hours/day)
wy,- 1 if porti is served from hub h, (=0 otherwise) Q total amount of containers (TEU)
9ij ks binary variable indicating whether the discreteesp  d; Weekly amount of container loaded at pditEU)

s is selected for the routg [) by a ship of typé wQ average container weight (20-ft container ton&/y E

wy lightweight of ship k (tons)

Auxiliary variables wy, deadweight of ship k (tons)
t;, arrival time (hours) of ship k at pot ef ship emission factor at sea (tons of emisspargon
uy travel time (hours) on the sip leg from piro j with of fuel)

ship k ecp unit cost of emission (USD per ton)

tlh, late arrival time of a ship of type k at the hustje ~ fp  fuel price (USD)
7 =1 if ship of type k navigates the shipping legnfrport  Ic _late arrival cost (USD/hour)

itoj, (=0 otherwise) chand container handling cost at potUSD/TEU)
Capy total carrying capacity of a ship of type k (tons)
Parameters sf; unit container freight rate for delivery of carfyom
n, quantity of available ship’s portitoj
n, available number of ports. ny,, f, fuel consumption function coefficients
ny, available number of potential hub ports ay charter cost parameter (USD)

a2 factor modeling the effect of economies of schle
the vessel size, 02 < 1.
clease ynit rent cost for each container (USD/hour)

dis;; distance in the shipping leg from potb j (nmi)
tcpy, transshipment time at the hub plrt
Ve ™ minimum ship sailing speed (knots)

. al*Capkaz C}ﬁease ivt
Zy =D jep DikeK (—24 ) * Wiji + Qi jep dukek (_24 ) * Wikt Nijep 2kek € °F % Wijie + Lrex(lc * tlhy) +
. 1
Y jep kex SLi * LOA + in * Xy + X jep Lre 45 * ¢ * Xy + ;Cf}lland Yier(2q;) (10)

Zy =N jep Dkex SLj * Capy + inj * X;j5 + i jep Yrex(ef xecp dis;; * xijk) *vfc+

Xijep ZkeK(fp * dis;; * xijk) *vfc (11)
s.t.
Z;<e (12)
Z,<e, (13)
Zher Yu, = p (14)
YiepWin =1, XiepWin —Ju, <0, ViERhEH (15)
Yier Xink < 1, Liep Xnie £ 1, VAEK (16)
ZkeKthk =>1,Vjer a7
Yiep Xkek Xijk =1, VIEP, i#] (18)
Yjep Xijk — Ljep Xjik = 0,iEP, kKEK, i#] (19)
Yier Qi - Ljep Xijk < Capy, Xjep qj -Ynji < Capy, kEK (20)
Yjep Xkek 45-Ynjk = Zjepr q; (21)
ty =168 VkEK (22)
tlhy =ty -168-My(1 — x;,) VKEK, i EP (23)
ty+Pt+dis;; * ﬁ-tjk <M, (1 - x;j, ) VKEK i, JEP, i#j, i#h (24)
Wijk+M2(1 - xijk) = (g tu)*q; — M,(1— Zijk) V ke K, ije P, i#j, i#h (25)
Wine + Mz (1= xiji) 2 (b *0) — Ma(1 = 25 ) VKEK LjE P i jo#h (26)
Xijie < Zijk, VKEK LJEP, i7#] (27)
Xijie = Ziji-1, VKEK, LEP, i) (28)
Xink» Ynjk €{01}, VKEK JEP, I€EP (29)
Vea™" Q q; EN (30)
lc,ef , dis;;, tlhy, Pty, tegg.ecp, ¢, iy, wyjy, Sf; € RY (31)

@ o) ~ 686~
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Objective function (10) seeks to reduce liner simgp
costs that usually increase with time: vessel délilgrter
and operating cost, container lease cost in seskhsas at
ports, inventory-holding cost in sea as well apatts,
vessel late penalties cost, and terminal handlirsgsc The
model objective function, shown in (11), aims toimiize
liner shipping costs that commonly decrease witheti
vessel emission cost in the sea, vessel fuel coptsmum
cost, and port due cost. Constraints (12) andi{i®)duce
an epsilon-bound formulation, ensuring that onedije
remains within a specified limit while optimizinie other.
Constraint (14) indicates that exacfty hub should be
selected, whereas constraint (15) ensures thatpestban

the port time for Bissau was approximated usind3duejul
value.

The late arrival cost parameter is set at 5000 kS$/
the emission cost parameter at 32 US$, and thesiemis
factor at sea is set at 3.114, while parameterf sisc
f, =0.012, n,=3.0, ¢*=0.25US$/hour/TEU, moreover
theship minimum sailing speed is set at 15 knots Vaithy
[20]. The fuel price is assumed to be 484 US$ per toh [19
al is adjusted to 100US$/dayn*?, a2 = 0.6257, and the
container lease cost is set at US$4.5/TEU/day Vdtig
[18]. The average transshipment time per contaiser
approximated using the ratio of average cargo ttrput
to the average time a container vessel spends gidft.

be served by exactly one hub. Constraints (16)-(1&or example, according to the World Bank and thaddn

indicate the ship’'s types for each liner shippirgite

Nations Conference on Trade and Development, Senega

generated. Constraint (19) is the flow conservationandled approximately 696,899 TEU in 2020, with an

constraint. Constraint (20) sets an upper boundhen
container transported, ensuring it remains withaghip’s
capacity. Constraint (21) guarantees that all tgainers
transported to the hub port will be further trargpld to
their final destination. Constraint (22) sets thmet

average container vessel port stay of 0.8 daysiltirggin
an estimated handling productivity of 99 TEU/ hr.

4.3 Solution methodol ogy
The proposed bi-objective model is nonlinear dubéo

window, where 168 denotes the number of hours B oRessel fuel consumption and sailing time components

week. Constraint (23) is a late array. Constra@243-(28)
specify transit time calculations for the vessdhere the

Various techniques have been proposed to address th
nonlinearity of the fuel consumption function comrieg

parameten; (TEU/time) captures the product of the totalessel speed, including (1) the enumeration metiaith

container volume on board and the sailing time @lan
specific route. Given that the maximum sailing diora
between any origin-destination pair in this studgeadoes

assumes a fixed, predetermined vessel sailing grreds
all voyage legs of the liner shipping route; (2)ndsnic
programming method- which reduces the vessel rgutin

not exceed eight weeks, upper bounds for paramfeters and scheduling problem to the shortest path proldera

M;, M, can be estimated as followd; =8 weeks*168 /h

time-space network, where the horizontal axis regmts

week,M,=M,*Ycp q;. Constraint sets (29)-(31) define thetime ( typically in days) and the vertical axis megents the

characteristics of the model parameters and decisiports of call;

variables.

4.2 Data specification

(3) discretization method- involves
discretizing the vessel sailing speed, and estigatthe
nonlinear fuel consumptions for each discretizedsee
speed value; (4) tailored method-where the nontinea

The container cargo volume (TEU) between the origivessel fuel consumption function is approximateshgis

and destination serves as a key input for the tiogis
network. However, such data were not availablettics
study region. To address this,

techniques such as piecewise linear secant appatirign
function or tangent lines, and other methods asudised

trade values of detail by [7]. The first method is generally satered

containerizable commodities were aggregated fromsvI unrealistic as liner shipping may adjust vesseédp the
(World Integrated Trade Solution) and converted intvoyage leg in a shipping route. Furthermore, treuecy

container volumes using the approach outlined 1. [Ror

of discretization and dynamic programming methods

landlocked countries such as Mali, Niger, and Buaki depends on the discretization level, and the acyuch

Faso, the trade value was assigned to the ne#etsgic
port for simplification. Vessel specifications suels

tailored methods depends on the number of segments
defined to approximate nonlinear fuel consumptiod a

lightweight and deadweight were derived from Maringisually involves a cost tradeoff: Increasing thenber of
Traffic and Hapag-Lloyd websites, with computationsegments or discretization levels improves accuaacie
based on [22]. The Port dues, covering towage, imgor cost of high computational time. This paper addpts

and pilotage (in and out), were estimated usinqheat

discretization method to approximate the nonlinesssel

regression model based on actual cost data fromt Wégel consumption. Specifically, the vessel sailsmped is

African port authorities. At most West African par&t,
(gross tonnage) is the standard metric used taleddc

discretized into a finite set S={1,2,..,n}, and tleel
consumption is calculated for each discretizedinggil

charges for pilotage, towage, and mooring. Theicalut speed value. Lep; ;. represent the binary variable

distances (nmi) between ports were obtained frarases,
whereas the average time spent at ports was sofrared

indicating whether the discrete speeis selected for the
route ¢, j) by a ship of type. To ensure that a speed is

UNCTAD. The terminal handling charges were retréeveonly selected for active routes, the following tielaship

from West African port authorities. Due to missidata,

is defined:gy; jx,s) = xi,j k), €NSUring that for any active

~ 687~
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route ¢, j), exactly one speedis selected by a ship of type does not consider scenarios where vessels areyeeplo

k. The selected discrete speed is then used tosstitme
vessel fuel consumption on each route paji) Gerved by

individually to connect West Africa with each shipgp
market (Europe, South America) without utilizinghab

a ship of typek: fuelC; ;i = X5 gijks)- VFCirk, Where —center in West Africa nor in the first Fies_tinati(mlg.,
VFC,, represents the fuel consumption rate correspondifig/fope) to connect to the second destination (8muth

to speed. The sailing time for each route pairjj can be
further linearized by using the reciprocal of tleested
speed.

America). Such an approach was demonstrated tmhkyh
expensive and infeasible for a comparative analysis

Due to the bi-objective nature of the propose® Results

mathematical model, there is no optimal solutioat th
satisfies both objectives; rather, there is a $eham-
dominant solutions that form the Pareto optimal Sttted
somewhat differently, in multi-objective optimizarti, the
Pareto optimal set comprises solutions from theahje
functions, where improving one can only be achieatdtie
expense of worsening the other [6]. Various techesq
have been developed to tackle multi-objective poid
and construct the Pareto set. This paper applkesphkilon
constraint method, chosen for its robustness idlanthe

Figure 3 presents the obtained Pareto set of non-
dominated solutions, while Table 1 provides dethile
results at the corner points of the Pareto setcifigedly,
for Z;(Z,) — the table shows the optimal value of the
objective function Z,), its cost components, and the
corresponding value of the objective functidh, ) for
optimal ¢,). Similarly, corner poinZ;(Z,) — shows the
optimal value of the objective functiorZ,(), its cost
components, and the corresponding value of thectige
function ¢,) for optimal ¢,). Additionally, R, represents

non-convex functions often encountered in real-worlthe reliability function, i.e., the probability thaa

contexts. Stated somewhat more specifically, ojexctie
is treated as the primary optimization goal, witile other
is incorporated as a constraint. In addition, tleze®
optimal set is constructed by varying the epsilatues
applied to the constrained objective. This, in tueguires

that the upper bound interval for epsilon be deteschas
follows: epsilonzLZzl(zl); S.t.,Z5(Z,) is the optimal

npf

distribution system will operate without failure esva

given periodt, under specific operational conditions: the

geographical context, data, and assumptions uséisn

study. The reliability is expressed as follows;=1-e~*,

where, 1 is the instantaneous failure ratds the time of

interest, andi=—wmberoffaltures - 1541 gGince the hub
total operating hours

system operates as a series network- where thessiof

value of Z, when ¢,) is regarded as a constraint, andhe overall system depends on both reliabilityhat hub

Z,(1) is the value ofz, for optimal Z,, npf - is the
required number of Pareto set.

The study modelg, andZ, as mixed-integer nonlinear
programming with non—convex characteristics. Githen

and the reliability from the hub to their destioati the
overall reliability is given byR,=R,,* Ry4; Ry, Rna=e .

At the extreme corner points of the Pareto se)% 6
reduction inZ,- lease, inventory, late arrival, and vessel

complexity of the problem and the need for optimafiaily charter and operating costs- is achievetiatbost of

solutions in real-world scenarios involving smalstance
problems (13 ports), ensuring optimality is criliga
relevant for providing meaningful managerial insgh
Thus, a state-of-the-art mixed-integer programnsiolger

(CPLEX) was employed due to its robust performaaroe

32% increases ifi,- emissions, fuel, and port due costs-
for a multi-gateway distribution system. This coatleoff
results in a 62% total system failure probability,
highlighting improved reliability on the origin-huleg
(0.83% reliability) but decreased reliability orettmub-

ability to handle small-scale optimization problemsjestination leg (0.46% reliability). The opportynitost

efficiently. As a result, heuristic or approximatimethods
were not employed, since they do not provide aantaee

associated with every 1-unit reductionZinis -$0.392.
Contrariwise, focusing on minimud, implies 147%

of optimality [7]. The dual-objective gap toleranceincreases irz,. However, this cost tradeoff significantly

remained unchanged from its default setting. Coatrt
times varied depending on the corner solutionshef t
Pareto frontier and across different problem instanThe

improves reliability on the hub-destination leg 6%
reliability). Still, it fails to enhance the religiby in an
origin-hub leg (0.58% reliability), leading to a%5total

asymmetric hub port model (AHSN) and the multisystem failure probability. It is important to récthat

gateway port model- MGPM.
For the multi-gateway port model, this paper anedyz
the current scenario where the first destinatiom,., e

reliability is evaluated based on the specific afienal
conditions previously outlined in this study. Thare, of
course, other factors, such as maintenance freyusrt

Europe, serves as a transshipment hub for the dec@kternal factors, including weather conditions &edlth

destination, e.g., South America. This is compagainst

crises (e.g., COVID-19), that affect reliability.

the proposed asymmetric hub model, where West @fric

functions as a hub center for both destinations.drtalysis

® &

BY NC

©)
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Table 1 Detailed results at the corner points of the Pareto set

7:(Z,) 17, 7, PDC  |VEC |VFC |R, Ry |R, | n, |Avg.
(105|106 |(10° (105 (105 %) (%) (%) speed
UsD) |usD) |usD)  |usD) |usD) (knots)

MGPM [6.5039 15.6440 |10.6284 |0.8563 |4.1593 |83 46 38 |11 25

AHSN |7.6792 11.1725 19.0117 0.3698 |[1.7918 |100 41 41 |10 [23.7

75(Z) 12, 7, VOC  [Clease |[CINV |LAC |THC | Ry, | Rna| R. | m |Av.
(10° (10° (%) (%) |(%) speed
USD)  |USsD)

MGPM |16.0937 |[11.8821 (9.4452 0.8566 [1.0999 |2.8955 |1.7963 |58 |61 35 6 15

AHSN |13.3143 |9.5634 |7.6846 0.8692 [1.0845 |0.7798 |2.8960 |64 |52 |33 6 15

Likewise, the opportunity cost associated with gver

asymmetric hub distribution system, a 42% redudtidf

distribution system ir¥;. In other words, neither system
unit reduction irf, is -$2.392. In contrast, for the proposedstrictly dominates the other when considering akisobr
opportunity costs. The latter finding can be supzbby
requires a 17% increasedn. This tradeoff achieves 100% the additional transshipment handling cost/timeaihub
reliability on the origin-hub leg, whereas relidtyilon the system. However, for the minimum generalized cdst o

hub-destination leg falls significantly (0.41% &dlility), routes £,+Z,) and customer service performance (Figure
resulting in a 59% total system failure probabiliiyhe 4) the asymmetric hub delivery system remains the

opportunity cost associated with every 1-unit reiguncin
Z, is -$0.285. On the other hand, a 14% reductidf) ican
be achieved at the expense of a 73% increage. imhis
tradeoff results in a 67% total system failure jiabty,
with improved reliability on the origin-hub leg @1%
reliability) but reduced reliability on the hub-dieation
leg (0.52% reliability). The opportunity cost assted
with every 1-unit reduction id, is -$3.53.

%107
167 —— MGPM
—— AHSN
15} Min( z1+22 )
14}
1.3}
N
N
12}
11}
1+t
0.9 : : : ; :
0.6 0.8 1 ) 1.2 14 1.6
z ><107

Figure 3 The obtained Pareto set of non-dominated solutions

The obtained Pareto solutions indicate that t
proposed asymmetric hub distribution system ictbyri
better in terms of Z, objective (emissions, fuel

superior choice.

-~ MGPM
~-m- AHSN

0.70

o o o
o o o0
'y = @®

o
o
~

Failure Probability

o
o
=]

[ e ) /
- | !
!

o
w
@

0.56

2 2 8 8 10
Number of Pareto front (reducing Z: Emissions, Fuel, and Port Due Costs)

Figure 4 Probability of failure for on-time delivery as Z,
decreases

5.1  Sendtivity to the vessal displacement

Ignoring vessel displacement can lead to significan
under-or overestimation of fuel consumption-and
consequently emissions- since fuel usage at a gipead
varies depending on whether the ship is fully lakde
empty, or partially loaded. However, conventionaldels

in maritime logistics usually assume speed as timgoy
variable affecting fuel consumption, whereas meent
iterature argues that the ship payload constitutes
principal variable. Additionally, the most accuraed

consumptions, and port due costs) but does nI&ahStIC approximation of fuel consumption should

consistently outperform the current multi-gateway

~ 689~
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consider both speed and payload. Thus, the fupbrts, the current demand share of each port wed &or

consumption in 6 can be rewritten as follows. example, the port of Abidjan, which accounts fo?4l8f

Vi) (0w b 2/q the current demand, was allocated 13% of the 4illibm

VEC, i = ”2’1 ( ’;V — ”‘) ,Wherew? - TEUSs. The obtained Pareto solutions (Figure 6aéthat
tk lk

. ! . o as logistics demand grows, the multi-gateway partieh
is the average conta.m_er welght (TEU)in a Sh'pf’!‘“ﬂe- strictly dominates the asymmetric hub system. Imeot
wy~(k € k) is the shidighweight, andwy, (k € k) isthe 545 the multi-gateway port model is significgritetter
shipdeadweight.

. . in bothZ,andZ, objective functions.
The results (Figure 5) indicate that, however abeve ! 2 O
analysis remains stable, i.e., neither deliveryesysstrictly
dominates the other, fuel consumption and emissi@mne 2.1

initially overestimated when displacement was iguor

The total fuel cost changes from $1,791,834.523 n ol
displacement scenario to $1,434,964.20 displaceme
scenario, resulting in an estimation error of $8%86,323,

for the asymmetric hub delivery system. Converskdy, 1.91
the multi-gateway delivery system, the total fuelstc ¢
changes from $4,159,352.312 to $3,442,394.565rgadi 181

7><107

an estimation error of $716,957.747. These finding
highlight the importance of accounting for vesse

. . LT —e— MGPM
displacement in fuel cost estimations. As showre th

—e— AHSN
estimation error in a multi-gateway port model is Min( z1+22 )
significantly higher; however, the asymmetric hybtem 1.6 : !
remains more fuel-efficient. 4 5 6 ’ 8 9 10

z1 %107
7 Figure 6-the obtained Pareto set of non-dominated solutions for
15500 R e 2 e sonsitvity analysis to growth in mar ket dermand
@ Min(z1+22) . . . .
14+ However, managing an extensive costliness with
. several operational ports such as West Africa,utjinoa
13} single hup becomes increasingly challenging inawgr
market. To address this, the insertion of an auluki
N2t transshipment/getaway hub i.e., a strategic deslezztion

of the hub system is considered. Supply chain memagt
research emphasizes cargo volume as a key factarbin
selection. In West Africa, ports such as Abidjaemg, and
Lagos handle the highest cargo volumes. This paper
evaluates the impact of adding Tema as an additiona
hub/gateway to support the centralized hub in avtiro
scenario. To account for the cargo volume eachdaub
attract and compute transshipment costs/time/THe, t
following constraints are introduced.
qctqs+=Xijep Lkex i jx» 7 (the sum of cargo received
at central and secondary hubs/gateway equals thé to

5.2  Senstivity to growth in market demand cargqltran.sported from all origins to all destioa$ using
This section evaluates the impact of increasiniptiy ~ SPECIfIC SN type)l; j=q;. x ;. Vi, j € PkEK, i (cargo
services demand on the effectiveness of the asyriemegllocation), Yijep Lrex dije =qi Vi€P, iz (cargo
hub delivery system compared to the multi-gatewas p conservation at origin ports),=; jep Zkek di j x» i#f, and
system. While the multi-gateway port enables more=secondary hub/getaway (the constraint computescarg
balanced cargo distribution, the hub system reliesargo received at the central hub).
consolidation, which increases vessel displacenagit The obtained Pareto solutions (Figure 7) indichs t
associated inefficiencies. To explore this, the epapdecentralized hubs — rather than de-hubbing- canrbere
simulates higher cargo volumes based on data frajorm effective strategy in high-growth markets (aroundidion
neighboring hub ports such as Algeciras. The pért dEU annually). As can be seen, the hub is striogiiger in
Algeciras handled approximately 4.77 million TEUs i Z, and just as good if,. These findings align with the
2022 (according to multiple sources, including iStaj, existing literature that advocates for a shift afvayn hub-
more than three times the cargo volume used iittial based systems in high-growth markets (de-hubbing),
analysis. To allocate the increased cargo volumesac however, extends it by showing that under high dehiar

o
BY _N¢ Published by Acta Logistica, www.actalogistica.eu

0.9 : ' : : ;
0.6 0.8 1 1.2 1.4 1.6 1.8
z1 %107
Figure 5 The obtained Pareto set of non-dominated solutions for
the sensitivity analysis to vessel displacement




Acta logistica - International Scientific Journal about Logistics
Volume: 12 2025 Issue: 4 Pages: 681-696 ISSN 1339-5629

Exploring the effectiveness of West African ports as a hub in the transatlantic logistics: a multi-
criteria approach
Paulo Correia, Chengji Liang

logistics services, such decentralization yieldpesior —strategy-consistent with the findings of [24] dret

performance. insertion of an additional transshipment/gatewaly, e,
a strategic decentralization of the hub system fiddings,

«107 —e— MGPM which extend prior research, show that under haghahd
2R —w— AHSN for logistics services, such decentralization yseddperior

2 % @  Min(z1+22) performance- achieving better results &, while

maintaining comparable performanceZin
Numerical experiments also reveal that ignoringsgks

187 displacement in fuel cost and emissions estimatiesds
~ to significantly greater overestimations in a mghkiteway
N 16T delivery system compared to a hub system. Thedinfis
highlight the importance of aligning logistical wneirk
147 design with a multi-objective optimization approaamd
the vessel displacement factor.
12}
— Implications
1 1 1 L 1 ] . . . .
45 5 5.5 5 6.5 - The findings of this study have some important

implications for policymakers, liners, and further
researchers. First, the results show that adopéing
asymmetric hulport strategy in West Africa can reduce
logistics costs while enhancing custorservice
performance and environmental sustainability altimey
transatlantic supply chain. Policymakers shouldefoze

rioritize investment in strategic hub infrastruetu

econd, shipping lines may benefit from redesig iy
network to incorporate a hdfased system, striking a more
efficient balance among otherwise conflicting goals
rIﬁoreover, the bbbjective modeling framework presented
here provides valuable managerial insight by engbli
carriers to select Paretptimal solutions that best fit their
strategic priorities.

z1 x10"
Figure 7 The obtained Pareto set of non-dominated solutions for
the sengitivity analysis of additional hub/gateway in a growth
market demand

6 Discussion

The proposed multi-criteria optimization approac
shows a clear conflicting correlation between eiss
reductions, fuel efficiency, and liner tactical @es in
route, speed, number, and type of vessel selectio
contrasting on-time/ cost performance. The latitedifig
predicts liner support for a 66% probability oflfe for
on-time delivery, whereas the opposite is truet iba
reduce failure for high pollution or energy costatg&d
somewhat more specifically, in both systems, lineese
required to deploy an average of six (6) vessaloperate
at a minimum sailing speed of 15 knots to achiehe t

lowest Z,(emissions, fuel consumptions, and port dul®st few years, with the African region facing tighest
costs), in turn, the probability of on-time deliyefilure |09istics costs globally. These high costs diredthpact

was, on average, 66%. To improve customer servild€ Price competitiveness of African goods and wate
performance, liners were required to increase theber (© Significant export losses. _ .
of vessels to up to 10 units and raise the avesaijing Supply chain management literature and practice
speed to 24.35 knots. Nevertheless, due to hi phasize cargo consolidation via hub ports asablevi
transshipment time (in an asymmetric hub systerd)taa Stategy to reduce logistics costs through econerofe
leg length of the hub-destination (in the tradibmulti- ~Scale. Aware, the West African governments arengito
getaway system), the failure probability remainéghtat transform their ports into logistics hubs for |mmt19nal _
an average of 60%, that is, a 6% point improvenient trade via large-scale investment programs. Given it

customer service performance for an average ofog4.sEXtensive costliness with multiple operational port
increases i, (emissions, fuel, and port due costs). improving delivery system efficiency is importar t
Given these goal conflicts, the results revealearcl €duce logistics costs, enhance trade flows, amee dr

macro-level tradeoff between hubbing and de-hubingFonomic growth. . . _

strategies, suggesting that West Africa is bettéran However, few studies have investigated the role of
asymmetric hub system-particularly under relatively ~ ESt African ports as a hub center in the transtdia
demand for logistics services. Specifically, the bystem SUPPIy chain, and even fewer have analyzed the goal
proves more efficient in minimizing the generalizest of CONflicts in liner shipping in the transatlanticgistics
routes Z,+Z,) and the associated probabilities of on-tim&€WOork. This paper examines the effectiveness of West
delivery failure. However, in a high-growth markéte African ports as a hub center on the tyansatlantlc maritime
centralized hub system becomes inefficient compémed Srossroads and proposes an asymmetric hub system linking

the multi-gateway port system, performing worsbatZ, West Africa, Europe, and South America. Employing a

. . . Iti-objective optimization approach based on the e-
and Z,. This outcome supports either a de-hubbing**"'-°% p PP
2 PP Q:)nstraint method, it compares the efficiency of a hub

~ o
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delivery system against the traditional multiple-gateway  strategic collaboration between neighboring hubsg an
port system in West Africa. To improve computational efficient cargo handling.
efficiency, the original nonlinear fuel consumption
function is linearized using speed discretization. Limitations

The proposed multi-criteria optimization approach Although this study aims to provide a comprehensive
provides practical contributions to maritime logistand analysis based on real market data, some simpiifyin
supply chain management within transatlantic laggst assumptions were made to address data limitations.
The results here show the conflicting empiricakelation  Specifically, handling time in the asymmetric hylstem
between emissions, fuel efficiency, and the lirtacdical was estimated using yearly container throughputtaad
decision in route, speed, number, and type of Vesseverage port stay for container vessels (leadingrto
selections, contrasting on-time/ cost performantiee approximation of 99 TEU/hr.). Conversely, in theltiru
latter finding predicts liner support for a 66% Ipability gateway port model, where the port of Algecirassgas
of failure for on-time delivery under energy eféocy a hub for both West Africa and South America, adtiag
scenarios, whereas the opposite is true, thatjsraving  productivity of 200 TEU/hr. was assumed.
customer service for high energy cost. Furthermore, as demand for logistics services grows

Given these goal conflicts, the results revealearcl and investment programs expand West African port
macro-level tradeoff between hubbing and de-hubingfrastructure, it was assumed that handling provity
strategies, suggesting that West Africa is bettérao  would converge toward levels observed in Algecifdss
asymmetric hub system, especially under relatilelyer assumption reflects: (a) Ongoing port expansiomritesd
demand levels. However, under high demand for fiogis in the introduction section; and (b) the growingrkea
services, the insertion of an additionalshould follow infrastructure development to resolve
transshipment/getaway hub i.e., strategic decézdtain  bottlenecks and reduce customer dissatisfactioas$ th
of the hub system may be required to maintainiefiiy. ~ would eventually slow down growth.

Sensitivity analysis on vessel displacement revials However, this paper acknowledges that real-workd po
ignoring displacement results in a greater overegion operations face variability due to berth congestigdrich
of emissions and vessel fuel efficiency in a mgéteway was not considered in both systems. Further studiss
system compared to an asymmetric hub system. Futumedel port congestion and evaluate whether theisolin
research should focus on the effectiveness of alnder this study are stable under such a scenario.
high demand for logistics services, with an emphasi

Appendix A
Optimal shipping routes with the minimun generalizests of routes for different problem instande3l( A02, A03,
A04).
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Note that these routes are derived from specifiblpm instances and are endogenous to the model.

Appendix B
Some selected real-world imput data for model catibns (BO1, B02).

BO1 Terminal handling charge (US$), and average port time (Pt,;/day)

Ports THCp Pt../Day
Port of Abidjar 13C 1.2
Port of Conakr 86 1.¢
Port of Freetow 21E 0.€
Port of Monrovii 14C 1.€
Port of Cotono 89 0.€
Port of Nouakcho 15k 2.1
Bissau poil 25¢ 4.¢
Port of Lom« 154 1.1
Port of Lago 187 3.8
Port of Tem 12C 1.1
Port of Banju 10t 4.¢
Port of Daka 122 0.€
Port of Prai 82 1.1

In some countries, the absence of port dues castr{ng, pilotage in/out, and towage) was addresseddopting
costs from their closest strategic ports for sifigations. Moreover, for ports such as Abidjan &wakar, these costs
were adapted from [19] and thereafter aligned titise of their nearest strategic counterparts (B02)
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BO2 Regression equation for each port for vessel mooring, pilotage and towage

PORTS slope; Intercept; R?
Port of Abidjar 4.096° 5002.04- 0.999¢
port of Conakr 0.375:¢ 6141.401 0.991¢
Port of Freetow 0.375: 6141.401 0.991¢
Port of Monrovi 0.375: 6141.401 0.991¢
Port of Cotono 0.210° 686.45( 0.998°
Port of Nouakcho 4.096° 5002.04- 0.999¢
Bissau Pol 4.096° 5002.04- 0.999¢
Port of Lomt 0.210° 686.45( 0.998"
Port of Lago 4.096° 5002.04- 0.999¢
Port of Tem 0.219¢ 5916.501 0.990:
Port of Banju 4.096° 5002.04- 0.999¢
Port of Daka 4.096° 5002.04- 0.999¢
Port of Prai 0.047: 766.69! 0.998¢
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