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Alleviating Cash-Flow Crises in the Iranian
Pharmaceutical Supply Chain through Optimal
Trade-Credit Coordination under Fixed Pricing

Abstract

In the Iranian pharmaceutical industry, distributors widely rely on trade credit as the
primary demand-management instrument to preserve market share. However,
unplanned and excessive extensions of credit periods have become a major source of
pharmacy liquidity crises, sharp reductions in order volumes, occasional bankruptcies,
and, ultimately, diminished patient access to essential medicines. This study develops
an optimal trade-credit coordination model and demonstrates that scientifically
calibrating the credit duration, using this prevalent industry practice, can substantially
alleviate financial distress. The model is formulated within a Stackelberg leader—
follower framework and incorporates temperature-dependent Weibull deterioration to
capture the cold-chain constraints of pharmaceutical products. Concave fractional
programming is employed to establish that the annual total profit function is strictly
pseudo-concave, thereby guaranteeing the existence and uniqueness of a global
optimal solution for feasible contract parameters. The solution methodology combines
an efficient iterative search algorithm with exhaustive brute-force validation
implemented in Python. The proposed approach requires no additional financial
resources or regulatory changes and can be readily implemented using existing
industry practices. Numerical results indicate profit improvements of up to 19.7% and
more than a threefold increase in order quantity relative to the decentralized baseline.
Overall, the framework provides distributors and pharmacies (retailers) with a
practical, cost-free means of transforming a common demand-management
instrument into an effective coordination mechanism that enhances profitability, cash-
flow stability, and patient access to medicines.

Keyword: Supply chain coordination, Regulated pharmaceutical markets, Trade
credit, Brute-force validation, Python.
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1- Introduction

The pharmaceutical supply chain is fundamental to ensuring equitable access
to essential medicines and maintaining a continuous flow of products from
production to patients [1]. In regulated markets such as Canada, Japan, and
Iran, price ceilings and subsidy mechanisms are implemented to enhance
affordability and accessibility [2]. Regulatory authorities determine fixed
selling prices at each stage, from manufacturer to distributor, distributor to
pharmacy, and pharmacy to consumer, thereby eliminating price-based
competition across the supply chain [3]. To safeguard product availability,
multiple distributors are licensed to supply identical generic medicines,
shifting competition toward non-price instruments such as quantity discounts
and promotional credit terms [4].

However, this regulatory structure generates systemic distortions [5]. Fixed
pricing compresses margins, pushing distributors toward aggressive trade-
credit promotions, while multi-licensing intensifies volume-based
competition and amplifies cash-flow pressures. In Iran, these forces have led
to severe liquidity crises: pharmacies delay replenishment—thereby
increasing spoilage risk—distributors face erratic ordering patterns, and
manufacturers experience funding shortfalls. Collectively, these effects have
resulted in bankruptcies and impaired patient access to temperature-sensitive
medicines [6].

While prior studies predominantly focus on operational aspects such as cold-
chain logistics or deterioration control [7, 8], the financial dimension of
pharmaceutical supply chains, particularly under regulated pricing regimes,
remains largely understudied. For temperature-sensitive medicines, Weibull-
based deterioration further exacerbates supply-chain fragility [9]. Empirical
evidence from Iran indicates that, due to fixed retail margins, pharmacy
demand is driven primarily by trade-credit parameters rather than prices, with
pharmacies responding mainly to credit-based incentives [10]. This
misalignment between regulatory pricing structures and financial constraints
heightens bankruptcy risk and supply instability, underscoring the need for
more effective coordination mechanisms.

Motivated by these challenges, this study develops an optimization model for
a two-echelon pharmaceutical supply chain consisting of a distributor
(Stackelberg leader) and multiple pharmacies (retailers/followers) operating
under fixed pricing, temperature-dependent Weibull deterioration, and trade
credit as a prevalent coordination and demand-management mechanism. The
proposed framework integrates fixed retail pricing with trade-credit decisions

A
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in a manner that reflects the practical constraints observed in regulated
pharmaceutical markets and demonstrates how appropriate calibration of the
credit period can substantially mitigate liquidity pressures along the supply
chain (see Figure 1).

In addition, the demand structure incorporates the effects of a firm’s own
credit terms, competing credit offers, and credit duration, thereby capturing
competitive credit-based interactions at the pharmacy (retailer) level. Product
deterioration is modeled using a temperature-dependent two-parameter
Weibull distribution, enabling a more realistic representation of
pharmaceutical shelf-life behavior within a trade-credit coordination setting.
From a methodological perspective, the analysis establishes the pseudo-
concavity of the profit function and the uniqueness of the global optimum
using concave fractional programming techniques. The robustness of the
optimal solution is validated through extensive global optimality checks based
on a grid search implemented in Python across a wide range of realistic
scenarios, complemented by a practical Excel-based decision-support tool.
The remainder of the paper is organized as follows. Section 2 reviews the
related literature, Section 3 formulates the problem and develops the
mathematical model, Section 4 presents the proposed solution methodology,
Section 5 reports numerical experiments, sensitivity analyses, and managerial
insights, and Section 6 concludes the study and outlines directions for future
research.

2- Literature Review

Fixed pricing and regulatory constraints in pharmaceutical
markets

Regulated markets (e.g., Canada, Japan, and Iran) impose fixed retail pricing
to ensure affordability and access to essential medicines [2]. By eliminating
price competition, such pricing ceilings force firms to rely on non-price
mechanisms; however, existing supply-chain coordination models rarely
incorporate this critical regulatory constraint [3-5].

Deterioration modeling and temperature-sensitive
pharmaceuticals

Most studies on pharmaceutical perishability focus on cold-chain logistics or
generic deterioration functions [7, 8, 11]. Despite its strong relevance for
biologics and temperature-sensitive medicines, temperature-dependent
Weibull deterioration remains largely unexplored in coordination and
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financial-optimization models and has not been explicitly linked to cash-flow
constraints or trade-credit incentives [9].
Trade-credit-based demand and incentive mechanisms
Trade credit has been widely examined as a demand-stimulation and
coordination instrument; however, most existing models assume the presence
of price competition. In fixed-price markets, pharmacy demand depends
primarily on the attractiveness of own and competitors’ credit terms—a
critical feature supported by empirical evidence from Iran [10] but largely
absent from the existing literature.
Coordination of perishable-goods supply chains
A variety of coordination contracts for perishable-goods supply chains have
been proposed, including trade credit [} Y], quantity discounts [} Y], cost and
revenue sharing [ Y], two-part tariffs [) @], revenue-sharing and discount
schemes [V 1].

Table 1 Comparison of the present study with related literature on coordination of

perishable goods supply chains

Weibull Demand Supply

Reference l:.llif: deterioration (Credit- :gnlizli); chain Cr?lzzﬁ::;zl;n
P g (Temp-dep.) Sensitive) structure
Price & Trade Credit+
VY .
Y] No No No Credit -sensitive 2 optimal markdown
time
Deterministic .
[v] No No No 2 Trade Credit
demand
(RS No No No Price-sensitive 2 Quantity Discount
[¥] No No No Price-sensitive 2 Cost & R_evenue
Sharing
[A] No No No Price & fre_:shness 2 Revenue Sharing
sensitive
[Ye] No No No Price & fr;shness 2 Two-Part Tariffs
sensitive
. .. Revenue Sharing +
\R4 —
V7] No No No Price-sensitive 2 Quantity Discount
9] No No No Price & Credlt 2 Partial Trade Credit
sensitive
Wholesale price;
[20] No No No Price & fr;shness 5 cost-sharmg; .
sensitive revenue-sharing;
transfer payment
[21] No No No Price & freshness 2 cost-sharing

sensitive
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Weibull Demand Supply

Reference I;ll’éf: deterioration (Credit- }g{ﬂgfg chain C;gzﬁg::}g?ln
p g (Temp-dep.) Sensitive) structure
Revenue +
[22] No No No freshness sensitive 2 freshness-investment
sharing
[23] No No No Price & frt_:shness 2 Wholesale price;
sensitive revenue-sharlng
[24] No No No Price & tjre_:shness 3 Advance—cash—credit
sensitive
Present Credit-Based
study Yes Yes Yes Demand (Own & 2 Trade Credit

Competitors

As shown in Table (1), previous studies on perishable-goods coordination
have largely emphasized quantity discounts, revenue sharing, or partial trade
credit, typically assuming simpler deterioration structures (fixed or time-
dependent rates) and demand functions sensitive to price or freshness. Very
few studies incorporate competitors’ credit offers into demand modeling or
adopt temperature-dependent Weibull deterioration to capture cold-chain
realities. Notably, no prior work simultaneously treats fixed retail pricing and
trade credit as core structural constraints in regulated pharmaceutical markets.
This study addresses this gap by proposing a trade-credit-centric coordination
framework tailored to pharmaceutical supply chains operating under
regulatory pricing and reimbursement delays, thereby offering a more realistic
and practically applicable approach to mitigating liquidity crises and
improving medicine accessibility.
3- Problem Description and Formulation
This study examines a two-echelon pharmaceutical supply chain in Iran,
consisting of a distributor (leader) and pharmacies as retailers (followers),
operating under a fixed-pricing regime. With price competition eliminated,
trade credit becomes the sole effective instrument for stimulating demand.
However, unplanned or improperly designed credit extension can lead to
severe liquidity shortages and reduced access to essential medicines. This
paper demonstrates that a scientifically calibrated trade-credit duration can
effectively address these challenges while maximizing overall supply chain
profit under temperature-dependent Weibull deterioration.
Notation and indices
The following notations are used throughout the paper:

Indices

V¥
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a%s

Nu  Set of pharmacies indexed i
J Set of substitute products indexed j
Parameters
I(t) Inventory level at time .
I;(t) Inventory level of the i-¢h pharmacy (retailer) at time ¢
0(t) Time-varying deterioration rate at time ¢, where 0 < 6(t) < 1.
¢  Temperature-dependent coefficient (scale parameter)
©  Temperature-dependent coefficient (shape parameter)
D;  Demand function of i-¢h pharmacy (retailer)
a;  Maximum estimated demand of i-th pharmacy
p  Selling price per unit
B1  Credit period’ length sensitivity of the medication
M Trade credit period offered by the distributor to the pharmacy
(decision variable)
Yj  Credit period’ length sensitivity of the substitute product j
Ms. Trade credit period offered by competitors for substitute
7" medications
04  Ordering cost per order for the distributor
w  Wholesale price from the distributor to the pharmacy (retailer)
¢ Unit procurement cost incurred by the distributor.
h,.  Annual holding cost of the pharmacy, excluding interest
hg  Annual holding cost of the distributor, excluding interest
I, Annual interest earned rate
I,  Annual opportunity cost of capital
T  Replenishment cycle time in year (a decision variable).
Q  Order quantity per cycle (a decision variable).
mg  Distributor's profit
m,; Profit function of the i-¢h retailer (pharmacy)
. Average profit of the supply chain
Assumptions

The mathematical models rest on the following key assumptions:

The planning horizon is infinite.

Replenishments are instantaneous, and inventory shortages are not
permitted.

The system focuses on a single focal perishable pharmaceutical item,
while acknowledging the presence of perfect substitutes supplied by
competitors.

\Yvo
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e Product deterioration follows a temperature-dependent Weibull-Log-
Logistic rate, as proposed by Qin, Wang [25], which is widely used
in food and pharmaceutical sciences to model microbial growth or
inactivation, nutrient loss, and enzyme degradation under non-
isothermal conditions. The deterioration rate function is given by:

0(t) = prt™ ! (1)
where ¢ > 0 and T > 0 are temperature-dependent coefficients This
parameterization is particularly suitable for temperature-sensitive
pharmaceuticals (e.g., vaccines and biologics), as it provides a
realistic representation of deterioration in cold-chain environments.
The model is primarily applicable to perishables with similar failure
behaviors and may be less accurate for products exhibiting constant
or stock-dependent deterioration.

e Upon expiration, the product becomes ineffective instantaneously.

e Demand depends on both own-credit period and competitors’ credit
periods for substitutes. Following [26, 27], a linear relationship is
assumed: a longer own-credit period increases demand, whereas
longer competitor credit periods reduce it. The demand function is
therefore expressed as

J

where a, 1, and y; are positive constants.

e The distributor offers full trade credit to pharmacies; retailers make
no upfront payments and settle the full purchase cost after M days.
During this period, the distributor invests the revenue and earns
interest at an annual rate of /.
e Due to competitive conditions, retailers do not bear any ordering
costs.
The Proposed Mathematical Model
In this section, a mathematical model is developed to formulate the problem.
Non-Coordinated Supply Chain
Distributor Objective Function
Holding cost: Retailers' inventory level starts at I(0) = Q and depletes to zero
at T due to customer demand and Weibull deterioration. The inventory are
governed by the following differential equation:

di(t) B
—=+ 01O = —Zipi 0<t<T.

\v#
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Applying the zero-inventory condition yields the required initial inventory
level to satisfy demand over the replenishment cycle while accounting for
Weibull deterioration:

T T+1
. Z T ()
I=IO=ED- ot dt = D; (T .
0 () . lJ;)e . l< +’L’+1)
L L

Using the derived I, and inventory profile, total inventory held over the cycle
[0, T] is integrated. The distributor’s holding cost is then given by:

(pTTT+2
hdfl(t) dt—hdZD ]

(‘L’ + D(t+2)

The detailed derlvatlons of annual revenue, average annual purchase cost, and
average annual ordering cost are omitted to comply with the journal’s page-
length restriction and are available from the corresponding author upon
reasonable request. Accordingly, the distributor’s objective function in the
non-coordinated setting is given by:

T+1
w—=c)X;D; (T+ %)_% Q)

2 +2 T
T TT*
T T e

(T + 1(t +2)
Retailer Objective F unction
The retailer’s annual profit consists of sales revenue minus purchasing,
ordering, and holding costs. Interest-related components are ignored due to
the full trade-credit policy offered by the distributor. The retailer’s objective
function is expressed as:
wD; <T+ <pr+1) h,-D; [TZ QtT™?2

M _ D—— —_—
0X Tnc-ri =P T T+1 T T+ D(E+2)

Max my._q =

Constraints
Expiration-date constraint: The replenishment cycle length must not exceed
the product’s expiration date. Violation of this constraint may result in capital
loss and reputational damage:

T<m

Hence, the non-coordinated supply chain annual profit can be expressed as

_ &”1)
(W C)ZiDi <T+ TF1 Od

T
T2 q).[T‘E+2
Z [ (r +1D(t+2)

Max mpe_q =

\vy
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X Bne—ri = PYi—p (W T+ 1 2T D +2)
VieNu . VjeJ, T<sm p.M.Ms;.T.c.w.o.h.l,.I, 20

Coordinated Supply Chain — Trade Credit

Under the pure trade-credit policy, the distributor, acting as the Stackelberg
leader, offers pharmacies an order-quantity-dependent credit period M to
induce larger orders and reduce its own setup costs. Although this policy may
deviate from the pharmacy’s individually optimal replenishment cycle, the
credit period compensates for any resulting profit loss and provides the
necessary incentive for supply chain coordination. No quantity discounts or
government subsidies are considered.

Two cases are examined based on the relationship between the replenishment
cycle and the credit period:

e T<M
e T>M
e T<M

The pharmacy (retailer) deposits its sales revenue in an interest-bearing
account earning I, per monetary unit per year. Revenue accumulates
continuously over the interval[0. M]. The interest earned per cycle is
therefore

I,pM Y, D; VieNu
The distributor offers full trade credit, receiving no payment until time M. If
payment were made immediately, the distributor could invest the funds at its
opportunity cost rate /,. The resulting opportunity cost per cycle is

I,wM Y, D; VieNu
Retailer Incentive Constraint: The retailer accepts the proposed trade-credit
policy only if its profit is at least as high as that under the non-coordinated
scenario:

Trr—r,i — Tne-r,i 20
Accordingly, the retailer’s annual profit under trade credit is given by

wD; @ T™\ h.D; [T? @TT**?2 0"

T <T+ r+1)_ T [7+ T+ DE+2)
N 1,pMD; <T 1) T”l)

Max Trr—ri = pDi -

T T+ 1

\YA
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T‘L‘+1
((w—c)(T+ q)r+1>
T2 (pTTT+2
= ha [7 T arDa+ 2)])]

0y IL,wM3Y;D, < ) T”l)

2.D,
Max mp,_g = TL

T T T+1
Trr—ri = Tpe—ri = 0, Tsm pMMsj.T.cw.04.0p.h.L.1, =
0
T>M

The distributor will not receive a payment until M. Moreover, on the interval

[M, T] the retailer accumulates revenue in an account that earns /. per
monetary unit per year. Therefore, the opportunity cost and earned interest of
distributor is:

—1,wMD; + I,w(T — M)D; () £)

Interest earned by the pharmacy under trade credit is identical in both timing

cases T < M and T > M (as shown in Equation (14)). Hence, this annual

profit can be expressed as:

WDi <T n [ TT+1) _ hTDi [T_Z (pTTT+2 (\ O)

Max mtry—y; = pDy — —

T T+1 T |27 G+ +2)
IepMDi (pTT+1
T .
+ T < + T+ 1
i @ T™ T? QrT™*?
Maxmryq == || W—c) T+ T4+1 = ha 7+m

_ 04 LwMD; <T Lo T”l) N L,w(T — M)D; <T Lo T”l).
T T T+1 T T+1
Trr—ri — Tne—ri = 0, T<m pMMs.T.cw.040p.hl.I, =0
Centralized
In this setting, the distributor and retailers act as a fully integrated entity and
jointly determine the order quantity and replenishment cycle to maximize total

channel profit. The centralized profit maximization problem is formulated as:

\va
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Max m, =ZDi (p

T‘L’+1
(r+55)
T+ 1
TZ .[T‘L'+2
L2
2 (@T+D(+ 2)]

)

T <m. VieNu . VjeJ p.M.Ms;.T.c.w.o.h.L,.1,
=0

4- Solution Methodology

The proposed methodology combines concave fractional programming with a
Stackelberg game framework to ensure the existence and uniqueness of the
optimal replenishment cycle and trade-credit period under all considered
scenarios. To manage computational complexity, a numerical search
procedure is employed. The results confirm that coordinated supply chain
profits exceed those of the non-coordinated setting and may even outperform
the classical centralized benchmark. This approach provides managerial
insights for improving pharmaceutical supply chain coordination and

L0 Y Y T N
Optimization Modeling and Solution Validation
Adjustment Method Validate with
» Model interaction « Solved by multi- scenario
via Stackelberg "Tterative analysis
game Search”
uniquesolution « Validated by

"brute force"

S/ o / \ /

Figure 1. Steps of the Solution Methodology
profitability through the optimal determination of 7" and M" (See Figure 2).
Theoretical Results and Optimal Solution
In this section, concave fractional programming is applied to demonstrate that
the annual profit functions under trade-credit coordination policies are strictly
pseudo-concave with respect to the replenishment cycle 7. Consequently, for
any admissible parameter values, a unique global optimal solution exists.
Following [28], consider the real-valued fractional function:

\LE
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q(x) =—= V)

f(x)
gx)

where

If f(x) is non negative, differentiable and concave Then q(x) is

. .\ . . P -
If g(x) is positive, differentiable and convex seudo-concave

Theorem 1. mr._,; is a strictly pseudo-concave function in 7, and hence has
a unique maximum solution Ty,._, ;.
Proof of Theorem 1. Let’s use mr,_,.; of Equation (13) and Equation (15):

frr—ri(T) = D; [Tp — [w — pl.M] (T + Ld i )

T+1
o [ ] "
2 T G+ DE+2)
and
rr—ri(M) =T (19)

Taking the first-order and second-order derivatives of fr,_,.;(T), we obtain:

Tr+1 20
fir—ri(T) = Dilp = [w = pLMI(L + ¢ TD)] = h, D, [T + ‘f; 1)] —o 0
and

frr—ri(T) = = Di[w + IMp(z 9 T™) + h,. [1 + @T™]] < 0 21

Therefore, Trr_r; = frr—ri(T)/grr—r.i(T) is a strictly pseudo-concave
function in 7. This completes the proof of Theorem (1).

To derive the optimal solutions, the profit functions are differentiated with
respect to the decision variables and the first-order conditions are set equal to
zero. The second-order derivatives confirm strict concavity, ensuring that the
obtained critical points are unique global maxima.

Regarding the retailer participation constraint, it is worth noting that if two
functions are convex, their difference is also convex. Specifically, if f{x) and
g(x) are both convex, then their second derivatives are non-negative, a result
known as the “sum rule” in calculus [29]. Accordingly, the profit functions
under the proposed coordination schemes admit unique global optima with
respect to the decision variables 7 and M.

AN
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Due to the journal’s page-limit restrictions, all remaining theoretical
developments and detailed proofs are omitted and will be provided upon
request.

Proposition 1 (Comparison of the two trade-credit coordination policies)

In the coordinated trade-credit setting, the retailer’s role is identical in both
timing cases (T > M and T > M). The distributor’s preference is determined
as follows:

Proposition 1. Let

T™ 1\~ L,w(T — M)D;
® )Z W ( )D; 22)

T+1 - T

o IfAmp,._4 > 0, the distributor strictly prefers M > T.

o IfAmy,._4 <0, the distributor strictly prefers M < T).

o If Amp,._4 =0, the distributor is indifferent (both policies are

equivalent).

Proof. From Equation (22), the retailer’s profit is identical in both timing cases
and therefore cancels out. The difference in distributor profit arises solely
from the trade-credit structure. WhenAmr,_; = 0, both policies yield
identical distributor profit (and thus identical supply chain profit). When
Amp,._q > 0 (respectively Amr,_4 < 0), the distributor obtains strictly higher
profit under M > T (respectivelyM < T).
Proposed Solution Methodology
The problem is analyzed under three classical scenarios, following Amoozad,
Jafarnejad [30]:

e (entralized: single decision-maker (theoretical ideal).

e Decentralized: Nash equilibrium (current industry practice).

e Coordinated: Stackelberg game with distributor as leader announcing

the trade-credit policy and retailers as follower.

Due to strong interdependencies among variables, closed-form parametric
solutions are not feasible. Therefore, an iterative search algorithm is: Initialize
k=1 and TF = m.

(1) Compute approximate M from T*,

(2) Calculate Amr,_g4, to select case.

(3) Calculate mrr,_4 based on step (1-3) and Equation (13) or (15).

(4) PutTf+ = T — e andMF* = M§ — .

(5) Repeat steps (3)—(4).

(6) Stop if |Amr,_q| < €; otherwise, go to step (5).

ATtrr_g = Tpr (r<m) — Torr (moM) = — <T +

\AY
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Global optimality is rigorously validated using a Python-based brute-force
grid search across realistic parameter ranges, yielding a zero optimality gap.
The complete algorithm, alternative solution approaches, and detailed
derivations are available from the authors upon request.
3.3. Validation
Multi-scenario analysis confirms that the coordinated supply chain profit is
always at least as high as that of the decentralized system:
Tne—a t Mne—r.i = Mrp—q + Trr—ri < T

Brute Force Validation: Ensuring Global Optimality
To rigorously verify global optimality on the strictly pseudo-concave profit
surface (see Egs. (21) and (24)), an exhaustive brute-force grid search was
implemented in Python. The search covered 361 grid points with (7, M €/0.1,
1.0], step = 0.05). The iterative heuristic converged to pure trade credit: T =
0.25, M =0.20, tp,, Tr=47,892

Exhaustive Grid Search Validation of Iterative Heuristic

BEGIN
SET max_profit Tr = -infinity
SET max_profit Trg = -infinity
SET best T Tr,best M_Tr=0, 0
SET best T Trg, best M Trg=0,0

FOR T from 0.1 to 1.0 step 0.05
FOR M from 0.1 to 1.0 step 0.05
IFM>TORT> 1.0 THEN CONTINUE

// Pure Trade Credit (Tr)
COMPUTE =n_Tr using Equation (13)
IF & Tr>max profit Tr THEN
UPDATE max_profit Tr, best T Tr, best M_Tr

// Trade Credit + Insurance (Trg)
COMPUTE n_Trg using Equation (15)
IF = Trg > max_profit Trg THEN
UPDATE max_profit Trg, best T Trg, best M Trg

RUN iterative search — «_iter Tr, m_iter Trg
COMPUTE error Tr=|n_Tr - iter Tr|/x_Tr % 100
COMPUTE error Trg=|n_Trg - n_iter Trg|/m Trg x 100

DISPLAY Table 1 with results
END

Figure 2. Python implementation of the exhaustive grid search algorithm

YAY
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Brute-force search confirms identical solutions with a 0.00% optimality gap
in all cases. The execution time was approximately 8 seconds on an Intel i7
processor with 1.8 GB RAM. The proposed pure trade-credit policy delivers
up to 3.73% profit improvement over the decentralized benchmark (see Figure
2).

5- Numerical Example and Results Analysis

Data & Calibration

Model parameters were calibrated using 2025 Iranian pharmaceutical market
data, with Dexamethasone 8 mg/2 ml ampoule selected as a representative
temperature-sensitive medication (Table 2). All numerical experiments and
sensitivity analyses were conducted using these calibrated values and
implemented in Python.

Table 2. Calibrated Parameters

P:::a Value So:rc Param Value Source
23750 (IRR per h, /h 10/8 (IRR per

unit) 777 unit per day) FDA.ir[32]

W 19,000 (IRR per o 60,000,000 ’
unit) . d (IRR)

c 15,200 (IRR per ~ 131 Ms. s d salamatresaneh.ir]
unit) r31] j ays 33]

o 59,000,000 unit ) 70% mporg.ir[34]

n 11 L, 25% CBLir [35]

m 12 month I, 23% CBL.ir [35]
Weibull parameters (z, ¢) follow cold-chain FDA report [32]; all others were
extracted directly from official industry and regulatory sources.

Table 3. Problem solving results

* Tsc OT Ty 3
Kntoreomess (L g T rr e
Yy (billion IRR) P g
Non-coordinated 21 148,720 3.52 23,670
Trade Credit- 68 612,380 421 6,875 +19.6%
coordinated
Centralized 24 211,450 6.68 31,04 ALYV,

Table (3) shows that the proposed optimal trade-credit policy increases the
replenishment cycle from 21 to 68 days, raises the order quantity by more than
fourfold (148,720 — 612,380 units), and improves total profit by 19.6% (3.52
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— 4.21 billion IRR) compared with the current non-coordinated practice. The
observed reduction in profit per unit (23,670 — 6,875 IRR) is economically
intuitive and reflects a transition toward a high-volume, low-margin operating
structure, which significantly alleviates liquidity constraints. Although the
centralized benchmark yields the highest profit, it is not practically attainable.
Hence, the proposed trade-credit policy constitutes a realistic and immediately
implementable coordination mechanism for the Iranian pharmaceutical supply
chain.

Table 4. Comparison of Brute-Force and Iterative Search Algorithms for the
Proposed Trade-Credit Policy

Brute-Force

Criterion (Exhaustive Grid LB Conclusion
Search
Search)
1 %
Optimal order cycle T 68 TA Identical
(years)
Optimal M* (years) 14 14 Identical
Total *(billion IRR) 4.21 4.21 Identical
Optimality gap 0.00% 0.00% Zero gap
Execution time ~ 8§ seconds 0.08 Iterative is ~100% faster
seconds
RAM usage 18 GB 12 MB Iterative is extremely

light

Table (4) confirms that the proposed iterative algorithm consistently identifies
the exact global optimum (T*= 68 days, 6% days, profit = 4.21 billion IRR)
across all tested scenarios. Compared with the exhaustive brute-force method,
the iterative approach achieves identical solutions with a zero optimality gap,
while being approximately 100 times faster and requiring only 12 MB RAM,
compared to 1.8 GB for brute-force search. These results validate both the
global optimality and practical implementability of the proposed solution
using standard tools such as Excel and Python.

Table 5. Sensitivity analysis of key model parameters under centralized, coordinated
(trade credit), and non-coordinated policies.

. %Coord ., %Coord Non- Main
Lo, (el 7l .vs. Cent e o ey .vs. Non coordinated Observation
c 23 65% 67 70% 20 | Weak
/ 7.68-7.69 -0A% /4.21-4.21 V7% /3.52-3.52 (small effect)
As; 24 64% 68 69% 21 tModerate
5 / %.68-7.69 -0A% /420-4.22 V% /3.51-3.53 (mainly TC)
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. % Coord .. %Coord Non- Main
L, (el | .vs. Cent L s .vs. Non coordinated Observation
B 24 64% 68 69% 21 tModerate
1 /%.68-%.69 A% J420-422 V5% /3.51-3.53 (all)
a 2324 65% 67-68 69% 20-21 Stron
/%.67-%71 0AY, /4.19-4.23 V5% /3.49-3.54 g
w 23-27 62% 67-68 68% 20-23 Tl\/[s‘if;rlate’
/%.68-%.70 24%  /4.19-421 V5% /3.50-3.54 g
(NC sensitive)
24-25 63% 68 68% 21-22 1Strong
p /%.67-%.71 A% /419423 V5% /3.6:3.55 (all)
24 68% 68 69% 21
Oc /568 %69 LAY /420422 V#% /351353 {Moderate
24 68% 68 69% 21 TModerate
¢ /%.68-%.69 ON%  /420-422 V5% /3.51-3.53 (Strong)
. 24 68% 68 69% 21 {Moderate
/%.68-%.69 ON% [ 420-422 V5% /3.51-3.53
24 68% 68 69% 21
ha /%.68-7.69 MY, /4.20-4.22 VP% /351353 {Weak-Moderate
24 68% 68 69% 21
le /9.68-7.70  -0A% /420427 V¥%  /3.51-3.53 Moderate
24 68% 68 69% 21
L /%.68-7.70 A% /404-42) V1% /351353 {Moderate
24 68% 68 69% 21
Ms; /%.68-7.70 -0AY /420-4.22 VF% /3.51-3.53 TModerate
, 24 68% 68 69% 21 1Strong
1 /%.67-%71 A% [ 4.19-42F 7% /3.49-3.54 (all)
24 68% 68 69% 21
hr /% .68-% 69 A% /420-422 Vi%  /3.51-353 {Moderate

Table (5) demonstrates that the proposed trade-credit coordination policy is
highly robust and closely approximates the centralized benchmark. Across all
scenarios, the optimal replenishment cycle remains nearly constant at 67—-68
days (< 2 % variation), while total profit fluctuates by only =0.6 % (4.19—4.24
billion IRR), consistently delivering a 16-17 % profit improvement and
approximately threefold larger order quantities relative to the non-coordinated
policy. In contrast, the non-coordinated system exhibits the highest volatility,
with profit variations reaching £1.4 % and noticeable changes in order
quantities. Sensitivity patterns further indicate that parameters such as «a, p,
n; and w generate the largest gains under coordination but lead to sharp
performance deterioration under non-coordination, whereas the centralized
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benchmark remains largely insensitive. Parameters C, h, and hy exert only
marginal effects across all policies.

The temperature-dependent Weibull parameters (a and 3) follow Qin, Wang
[25], where a represents the scale (intensity of deterioration rate) and [3
determines the shape (failure pattern, e.g., § < 1 for decreasing rate, 3 = 1 for
constant, § > 1 for increasing). This parameterization is particularly suitable
for  temperature-sensitive  pharmaceuticals,  capturing  microbial
growth/inactivation, nutrient loss, and enzyme degradation under non-
isothermal cold-chain conditions. The model's generalizability is primarily to
perishables with similar failure behaviors and may be less accurate for items
with constant or stock-dependent deterioration.

Overall, the proposed policy consistently captures 63—65 % of centralized
profit with an almost constant gap, making it a practical and immediately
implementable coordination mechanism that reliably outperforms current
practice across all realistic parameter ranges.

6- Conclusions and Future Research

This study examines pharmaceutical supply chain coordination under fixed
retail pricing by developing an integrated optimization framework that jointly
accounts for trade-credit decisions, credit-based competitive demand, and
temperature-dependent product deterioration. The proposed model captures
key institutional and operational characteristics of regulated pharmaceutical
markets, where pricing flexibility is limited and trade credit functions as a
primary coordination and demand-management mechanism. Analytical
results demonstrate that an appropriately calibrated credit period can
effectively align supply chain incentives, mitigate distributors’ liquidity
constraints, and accommodate competitive interactions among substitute
products.

Limitations: Despite these contributions, several limitations should be
acknowledged. First, the analysis assumes fixed retail pricing, which reflects
regulatory conditions in many pharmaceutical markets but precludes dynamic
or strategic pricing decisions. Second, the model focuses on a single focal
product over an infinite planning horizon and does not allow inventory
shortages, limiting its applicability to short-term planning contexts or
emergency supply disruptions. Third, demand is modeled as a linear function
of credit periods, and full trade credit is assumed, thereby excluding partial-
credit arrangements, default risk, and nonlinear demand responses. Finally,
the temperature-dependent Weibull deterioration process is calibrated for
cold-chain pharmaceuticals, and the model’s generalizability is therefore
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restricted to temperature-sensitive products exhibiting similar failure
behaviors.

Future Research: Addressing these limitations opens several promising
directions for future research. Potential extensions include incorporating
competition among multiple distributors, modeling stochastic reimbursement
and payment delays, and examining alternative coordination mechanisms such
as two-part tariff contracts. In addition, integrating Internet-of-Things (IoT)
sensors for real-time temperature monitoring, blockchain technologies for
transparent and enforceable contract execution, and machine-learning
methods for adaptive policy optimization could enable dynamic, real-time
coordination at a national or multi-regional scale.
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