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A joint inventory–finance model 
for coordinating a capital‑constrained supply 
chain with financing limitations
Faranak Emtehani, Nasim Nahavandi*   and Farimah Mokhatab Rafiei

Introduction
Supply chain management involves coordination and cooperation among several busi-
ness partners linked through flows of material, money, and information. These partners 
include suppliers of raw materials and basic components, manufacturers, wholesal-
ers, distributors, transporters, retailers, banks, and financial institutes. Two key factors 
ensure the proper functioning of a supply chain: first is coordination between supply 
chain members, and second is integration of the said three flows. This study addresses 
both factors for enhancing supply chain profitability and effectiveness.

Supply chain coordination involves collaborative work—joint planning, joint product 
development, mutual information exchange, integrated information systems, cross coor-
dination on several levels of the companies in the network, long-term cooperation, and 

Abstract 

Faced with economic recession, firms struggle to find ways to stay competitive and 
maintain market share. Effective coordination of the supply chain can solve this prob-
lem, but this may fail if existing capital constraints and financial flows are ignored. This 
study addresses the challenge by exploiting coordination through joint decision-mak-
ing on the physical and financial flows of a capital-constrained supply chain. We also 
consider the capital-constrained member’s financing limitations that lead to lost sales. 
Two scenarios based on non-coordinated and coordinated structures are modeled in 
the form of bi-objective optimization problems that simultaneously optimize system 
costs and service levels. The models are solved using the ε-constraint method. The 
results indicate that the non-coordinated model cannot satisfy more than about 50% 
of the demand due to capital shortage and financing limitations, while the coordinated 
model can satisfy all of the demand via internal financing. Furthermore, the proposed 
coordination scheme leads to cost reduction for the members and the total system. 
To motivate all members to accept the proposed coordination scheme, a cost-sharing 
mechanism is applied to the coordination procedure. Finally, a sensitivity analysis con-
cerning financial parameters is provided for validating the coordination model.

Keywords:  Supply chain coordination, Inventory–finance model, Capital shortage, 
Financing limitation, Service level, Bi-objective optimization
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fair sharing of risks and benefits (Skjoett-Larsen 2000). In a supply chain with a decen-
tralized structure, each member independently optimizes its own operational and finan-
cial decisions without considering their effects on other members. Hence, a decision 
that is optimal for a member may cause additional costs for other members, which leads 
to inefficiencies in the processes of supplying, producing, distributing, and delivering 
goods to customers, and consequently, poor service. However, in a coordinated supply 
chain, all members operate to optimize the whole supply chain, leading to an increase in 
profitability and customer satisfaction in the supply chain.

To have an effective supply chain, proper management of upstream financial flows is 
as important as that of downstream physical flows (Gupta and Dutta 2011). The sup-
ply chain management literature has focused mainly on material and information flows, 
and financial flows have been ignored despite its great importance and inevitable effects 
on the physical flows (Naimi Sadigh et  al. 2013; Sadeghi Rad et  al. 2018; Sadeghi Rad 
and Nahavandi 2018). This literature stream assumes that a firm can always finance its 
operations at an optimal level or borrow at a constant interest rate. When financial mar-
kets are efficient, that is, external funding is plentiful and relatively inexpensive, firms 
have sufficient funds for daily operations, and financial and operational decisions can 
be made separately (Modigliani and Miller 1958). In such cases, a downstream entity 
in the supply chain pays the inventory ordered from an upstream entity. Consequently, 
financial flows become an output of logistics decisions (Luo and Shang 2015). However, 
capital shortage becomes a bottleneck, especially for small and medium enterprises. 
Financial activities complement the physical flow of materials and ensure funding of 
logistics operations. Thus, integrating operational and financial decisions may ensure 
proper implementation of operations in practice.

This study addresses both of these important issues—supply chain coordination and 
the integration of operational and financial decisions.

We consider an original equipment manufacturer (OEM) that faces a capital shortage 
and financing limitations. Specifically, financial institutions limit the OEM’s financing 
amount for reasons such as low credit. Because of this limitation on external financ-
ing, the OEM cannot obtain as much financing as it requires to support its operations. 
Therefore, it cannot satisfy a portion of the demand and thus, face lost sales (lost sales 
refer to selling opportunities that a firm has lost because an item was out of stock). The 
OEM operates in a supply chain with multiple suppliers of raw materials and compo-
nents (upstream members), and an auto manufacturer (downstream member). The 
financial problems of the OEM affect all members in the supply chain and may lead 
in the loss of a portion of the market share of the supply chain’s final products. Thus, 
coordination among all members to solve the OEM’s financial problems is prudent so 
as to improve the supply chain’s performance. To understand better the proposed coor-
dination mechanism, two scenarios are formulated: a non-coordinated supply chain (or 
decentralized supply chain) and a coordinated supply chain. The advantages of the sec-
ond scenario for all supply chain members are illustrated using an example from a sup-
ply chain in the automotive industry.

The automotive industry is one of the world’s most important economic sectors in 
terms of revenue and employment, and any kind of disruption in the production and 
profitability of a key member can be detrimental to the whole industry. Therefore, it is 
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necessary to investigate issues such as the financial challenges and coordination of oper-
ational and financial decisions in this industry. The OEMs in automotive supply chains 
commonly try to establish long-term relationships with their suppliers and/or custom-
ers. Proper coordination mechanisms that align the parties’ objectives can help build 
such relationships. This study finds ways to build these relationships in light of an OEM’s 
financial constraints (capital shortage and financing limitations). Nevertheless, the pro-
posed coordination mechanism can be adopted by any manufacturing business that 
faces such financial challenges.

This study looks for effective ways to solve the financial problems of a supply chain 
and improve its performance through coordination of all members in light of a difficult 
financial situation. To this end, this study proposes a bi-objective nonlinear optimization 
model that minimizes system-wide costs (including operational and financial costs) and 
maximizes the satisfied demand, which is equal to the optimal customer service level.

In the supply chain coordination literature, it is a novel idea to consider financing limi-
tations (which is a real-world problem for capital-constrained firms) and the consequent 
lost sales. Moreover, we believe that our study is the first to address supply chain coordi-
nation together with financing issues for maximizing service level and minimizing oper-
ational and financing costs.

The rest of this paper is organized as follows. Section “Literature review” provides a 
brief review of the related literature. Section “Model description and solution approach” 
presents the proposed model, including the model’s assumptions and notations, and the 
mathematical formulations of scenarios 1 and 2. Section “Numerical analysis” discusses 
the numerical results, along with a cost-sharing mechanism and sensitivity analysis of 
the financial parameters. Section “Conclusion” presents the conclusion and suggestions 
for further research.

Literature review
Our study relates to two literature streams: supply chain coordination and integration 
of the physical and financial flows of a supply chain (also known as operations–finance 
interface).

Supply chain coordination (SCC)

Coordination mechanisms in supply chains are generally based on centralized and 
decentralized decision-making processes (Jaber and Osman 2006). In a centralized deci-
sion-making process, a unique decision maker manages the whole supply chain, with the 
main objectives of minimizing (maximizing) the total supply chain cost (profit). By con-
trast, in a decentralized decision-making process with multiple decision-makers, each 
member focuses on its own objectives. Li and Wang (2007) conducted a review of coor-
dination mechanisms of supply chain systems in a framework that is based on the sup-
ply chain’s decision structure (centralized or decentralized) and the nature of demand 
(deterministic or stochastic).

Abundant research exists regarding the coordination between supply chain members. 
Several review papers have focused on various aspects of supply chain coordination 
(Fugate et al. 2006; Li and Wang 2007; Arshinder et al. 2008, 2011; Govindan et al. 2013). 
Accordingly, various classifications of coordination mechanisms exist in the literature. 
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Arshinder et al. (2008), in their review of the literature, grouped coordination mecha-
nisms into four categories: supply chain contracts, information technology, information 
sharing, and joint decision-making. As major categories of coordination mechanisms, 
Sahin and Robinson (2002) proposed price, non-price, buy-back and returns policies, 
quantity flexibility, and allocation rules. Subsequently, Fugate et al. (2006) adapted their 
classification into three major categories: price, non-price, and flow coordination mech-
anisms. Bernstein and Federgruen (2007) showed the types of coordination mechanisms 
that allow a decentralized supply chain to generate aggregated expected profits equal to 
the optimal profits in a centralized system, and how the parameters of these (perfect) 
coordination schemes can be determined.

One common coordination mechanism is coordinating contracts, which are formu-
lated using game theory in a decentralized structure. This stream of SCC literature uses 
some incentives in the form of contracts to achieve coordination among supply chain 
members. Some of these incentives include buy-back contracts (Padmanabhan and Png 
1997; Hou et al. 2010; Shen and Zhang 2012; Tibrewala et al. 2018), revenue sharing con-
tract (Giannoccaro and Pontrandolfo 2004; Cachon and Lariviere 2005), service level-
based contracts (Sieke et al. 2012), discount policy (Xu et al. 2018a; Nouri et al. 2018), 
credit period (delay in payment) (Ebrahimi et  al. 2019), bi-level credit period (Johari 
et  al. 2018). The readers may refer to Cachon (2003) for comprehensive information 
about the structure of coordinating contracts.

Some researchers have shown that coordination can be achieved by integrating lot-
sizing models (Goyal and Gupta 1989). Joint economic lot size models are especially 
useful planning tools in situations where companies have established long-term relation-
ships with their suppliers or customers, which is common in the automotive industry 
(Glock 2012). Glock (2012) focused on coordinating inventory replenishment decisions 
between buyer and vendor and their impact on the performance of the supply chain. He 
reviewed joint economic lot size models aimed at minimizing total system costs. Some 
of the first studies on the coordination of inventory replenishment and production deci-
sions between supply chain members include Goyal (1977), Goyal and Gupta (1989), and 
Goyal et  al. (2003). Sarmah et  al. (2006) classified buyer–vendor coordination models 
that use quantity discount as a coordination mechanism under a deterministic environ-
ment. In a recent study, AlDurgam et al. (2017) considered a single-vendor, single-man-
ufacturer joint economic lot size problem under demand uncertainty. They developed 
an integrated mathematical model that investigates the impact of a variable production 
rate on the system. In most of these works, coordination is achieved through joint con-
sideration of the system-wide costs. This coordination scheme is based on a central-
ized decision-making process. Some other works that adopted coordination by joint 
consideration of system-wide costs include Chen and Chen (2005), Jaber and Osman 
(2006), Chiadamrong et al. (2007), Jayaraman and Pirkul (2001), Kim et al. (2005), and 
Moussawi-Haidar et al. (2014). In this study, coordination among members is adopted 
through this coordination scheme.

Operations–finance interface

Supply chain management literature mostly focuses on the flow of goods and services 
without considering the effects of capital shortage and financial flows on operations 
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management. Researchers in this field assume that there is always adequate working 
capital to supply the required inventory. However, operational decisions are constrained 
by limited working capital and often critically depend on external financing (Xu and 
Birge 2006). These constraints influence supply decisions. Nevertheless, the interac-
tion of physical and financial flows has been ignored by many researchers in the field of 
operations management. The interface of finance, operations, and risk management is 
a relatively new research area, which deals with timely, complex, and boundary-span-
ning issues in a variety of settings from startups to global enterprises (Babich and Kou-
velis 2018). Zhao and Huchzermeier (2015) identified three types of interdependence 
between operations management and corporate finance in their review of the opera-
tions–finance models: (i) financial constraints on operations, (ii) correlation between 
operational and financial risks, and (iii) alternative risk mitigation. Financial risks arise 
when there are uncertainties related to any form of financing, including credit, business, 
investment, and operational risks (Kou et al. 2014).

There is no specific framework for the works on the operation–finance interface in the 
literature. However, some classifications of existing works on supply chain finance (SCF) 
can be found in the review papers of Gelsomino et al. (2016) and Xu et al. (2018b).

To address the financial flows of the supply chain, some works in this field have focused 
on the management of accounts payables/receivables of a firm in the supply chain. Gupta 
et al. (1987) and Gupta and Dutta (2011) extended the application of scheduling theory 
to the financial decisions of the supply chain. Longinidis and Georgiadis (2011) pro-
posed a mixed integer linear programming model that integrates financial issues with 
a supply chain design under stochastic demand. Jahangiri and Cecelja (2014) developed 
a stochastic model to maximize the profit of a firm and find the optimal strategy for 
paying its accounts payables. Luo and Shang (2015) studied a centralized two-division 
supply chain and integrated inventory decisions and cash management in the mentioned 
supply chain. Miloudi et al. (2016) proposed a model to optimize the working capital of 
a firm in a three-level supply chain by scheduling its accounts payables and receivables.

Some researchers have considered capital shortage and financing decisions. In this 
group, two financing methods have been proposed: (1) external financing and (2) inter-
nal financing. In the first method, the capital-constrained member gets direct financing 
from financial institutions such as banks (Xu and Birge 2006; Guillén et al. 2007). We 
note that any kind of financing from a source outside the supply chain can be considered 
as external financing such as bank financing, peer-to-peer lending, and so on (Interested 
readers are referred to Wang et al. (2020) for further information regarding peer-to-peer 
lending and the associated credit ratings.). The second method deals with financing from 
other members of the supply chain through various options such as trade credit (Jaber 
and Osman 2006; Lee and Rhee 2011; Lee et al. 2018).

Trade credit refers to a seller’s short-term loan to a buyer, allowing the buyer to delay 
payment of an invoice; this has been the largest source of working capital for a major-
ity of business-to-business firms in the United States (Lee and Rhee 2011). Aggarwal 
and Jaggi (1995) developed a mathematical economic order quantity model for perish-
able goods using delayed payments. Teng (2009) established an economic order quan-
tity (EOQ)-based model for a retailer who receives full trade credit from its supplier 
and offers full or partial trade credit to its good or bad customers, respectively. Using 
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delayed payments, Moussawi-Haidar and Jaber (2013) developed a joint model for cash 
and inventory management for a retailer. Taleizadeh et al. (2016) proposed an economic 
production quantity model (with defective items and rework processes) that considers 
both upstream and downstream trade credit. Yang and Birge (2018) adopted a trade 
credit contract as a risk-sharing mechanism for a two-level supply chain with limited 
working capital. Babich and Kouvelis (2018) discussed recent contributions and future 
directions on the interface of finance, operations, and risk management. Kouvelis and 
Zhao (2018) studied the impact of credit ratings on operational and financial decisions 
of a supply chain with a supplier and a retailer interacting via an early payment discount 
contract. Tang et al. (2018) compared two schemes—purchase order financing and buyer 
direct financing—for financing a capital-constrained supplier. Shin et al. (2018) found it 
beneficial to choose a trade-credit-financing policy in a centralized two-echelon supply 
chain model with imperfect quality items. They did not consider budget constraints in 
their study. Li et al. (2019) optimized dynamic credit term decisions, along with inven-
tory production decisions in a two-level supply chain. They ignored financial constraints 
in their study as well. Mashud et al. (2019) extended the EOQ inventory model for dete-
riorating items with price-dependent demand under a two-level trade credit policy. In 
their study, budget constraints and external financing were not addressed. Krommyda 
et  al. (2019) explored some effects of the global financial crisis on inventory manage-
ment decisions within the general EOQ that has a partial backorder paradigm. In this 
study, an EOQ inventory policy is used to manage inventories in the whole supply chain. 
An EOQ inventory policy has many applications in real-world problems. (See e.g. Khal-
ilpourazari and Pasandideh 2019; Khalilpourazari et  al. 2019a, b, and Khalilpourazari 
et al. 2019b for more information about the application of an EOQ policy in different 
problems.) Pramanik and Maiti (2019) considered the time value of money and inflation 
in an inventory model with two-level partial trade credit. They did not consider financial 
problems such as budget shortage and limitations in financing. Chakuu et al. (2020) con-
ducted an empirical study to explore the conditions in which logistic service providers 
offer inventory financing as an SCF service. Yan et al. (2020a, b) examined two financing 
strategies—loan and investment—for the financing of a capital-constrained supplier by a 
risk-averse retailer. In another study, Yan et al. (2020b) analyzed the pricing competition 
in a dual-channel supply chain consisting of one e-retailer that provides financing to a 
capital-constrained supplier. Huang et al. (2020) compared trade credit financing (TCF), 
credit guarantee financing, and buy-back guarantee financing as three types of SCF 
modes. They provided managerial insights for the application of these financing modes.

Combining supply chain coordination and operations–finance interface

A few studies in the literature have considered the coordination of supply chain 
members together with the integration of financial and operational decisions. Jaber 
and Osman (2006) proposed a centralized model where players in a two-level (sup-
plier–retailer) supply chain coordinate their orders to minimize supply chain costs. 
In their model, permissible delay in payment was considered a decision variable and 
was adopted as a trade credit scenario to coordinate the order quantity between 
the two levels. They did not address budget constraints for members in their study. 
Dada and Hu (2008) applied a nonlinear loan schedule to coordinate the decisions of 
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a profit-maximizing bank and a capital-constrained retailer. Yin and Xu (2010) pro-
posed a two-level supply chain with delay in payments and inventory-in-pawn financ-
ing policy to minimize supply chain costs by coordinating material and capital flows. 
Lee and Rhee (2011) studied trade credit from a supplier’s perspective and presented 
it as a tool for supply chain coordination. Chen and Wang (2012) studied the interac-
tions between a capital-constrained retailer and its supplier under TCF. They found 
that trade credit can create value in a capital-constrained supply chain and partly 
achieve coordination. Moussawi-Haidar et al. (2014) coordinated a three-level supply 
chain consisting of a capital-constrained supplier, a retailer, and a financial interme-
diary (bank) by considering operational and financial decisions. Kouvelis and Zhao 
(2016) addressed two coordinating contracts (revenue sharing and buy-back con-
tracts) in the presence of capital constraint and default risk. Feng et al. (2015) devel-
oped a revenue-sharing-and-buy-back contract to coordinate a capital-constrained 
supply chain. Yan et al. (2016) proposed a partial credit guarantee contract for SCF 
and analyzed coordination conditions for this contract. Xiao et al. (2017) designed a 
generalized revenue sharing contract to coordinate a supply chain with financial con-
straints. Johari et al. (2018) proposed a bi-level credit period (delay in payment) for 
a periodic review inventory system that coordinates the inventory and pricing deci-
sions of a two-level supply chain. Ebrahimi et  al. (2019) used the delay in payment 
contract as an incentive to coordinate a supply chain with stochastic, promotional-
effort-dependent demand. Devalkar and Krishnan (2019) examined the use of trade 
credit in decreasing moral hazard and adopting supply chain coordination in the 
presence of information asymmetry and financial friction. Ding and Wan (2020) stud-
ied supply chain coordination in the presence of capital constraints and production 
yield uncertainty. In contrast to our research, in their study, the upstream member 
(supplier) is capital-constrained and needs financing from the downstream member 
(manufacturer).

Literature that simultaneously considers operational and financial decisions is 
novel, and many assumptions about the real world have not yet been considered. For 
example, some works have not addressed budget shortage and financing options. The 
primary purpose has only been to improve supply chain performance by integrating 
physical and financial flows. Meanwhile, other works that have considered budget 
constraints and financing decisions have ignored the limitation on the amount of bor-
rowing. However, in real-world situations, some firms cannot borrow an unlimited 
amount of cash from financial institutions, thereby leading to lost sales due to insuf-
ficient working capital for supporting the operations.

In this study, we address both of these important issues: coordination of inventory 
replenishment and production decisions among all members, and the integration of 
operational and financial decisions. Specifically, a coordination scheme based on joint 
decision-making on inventory replenishment, production decisions, and financial 
decisions is applied to a capital-constrained supply chain with financing limitations in 
the automotive industry. This coordination mechanism integrates the operational and 
financial decisions of all members and prevents lost sales. For a better understanding 
of the coordination model, two scenarios are formulated: i) a non-coordinated supply 
chain used as a basis for the coordinated model and ii) a coordinated supply chain. 
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The advantages of the coordinated model for all members are illustrated by solving 
the model using data from a supply chain in the automotive industry.

Table 1 compares previous literature against the current paper, with the contributions of 
this study shown in bold and italic font. Our study, with some differences, is most related to 
Jaber and Osman (2006) and Moussawi-Haidar et al. (2014), which adopted the centralized 
decision-making process as a scheme for coordination (joint consideration of system-wide 
costs) in their supply chain models. They considered both inventory and financial deci-
sions in their coordination schemes. Jaber and Osman (2006) did not consider budget con-
straints and external financing in their study. They applied coordination and integration of 
operations and finance to improve supply chain profitability. Moussawi-Haidar et al. (2014) 
addressed budget constraints, but they assumed that the firms could borrow an unlimited 
amount of cash. Moreover, internal financing in their study was limited to the trade credit 
granted by the supplier. We consider a three-level supply chain with multiple suppliers and 
multiple products. The OEM is capital constrained and faces financing limitations, lead-
ing to lost sales. To solve these difficulties, in addition to external financing, the OEM can 
use (1) trade credit granted by the suppliers and (2) prepayment of the auto manufacturer 
where needed, as two sources of internal financing in the coordination scheme proposed 
here.

This work contributes to the existing literature in the following ways:

•	 We consider financing limitations in addition to budget constraints, highlighting that 
there is a maximum limit on borrowing from financial institutions, which means lim-
ited financing capacity. Furthermore, we consider lost sales as a consequence of financ-
ing limitations. Previous related works used a capital-constrained firm financed from an 
unlimited external source, and the shortage of financing was not considered.

•	 In the current study, the prepayment of the downstream partner is suggested as an 
internal source of financing, in addition to TCF. This option leads to new decision-mak-
ing regarding different financing options (loan and prepayment of the downstream part-
ner), specifically, which option to choose and how much to finance from each source. 
As such, the loan amount is a decision variable in this study, whereas in previous works, 
the loan amount is equal to the production or inventory costs minus initial capital.

•	 We consider the service level to the customers as a decision variable of the coordinated 
supply chain. Moreover, we formulate the problem as a bi-objective optimization prob-
lem, where both the costs and the satisfied demand are optimized. To the best of our 
knowledge, considering this issue is novel in the related literature.

•	 We model a real-world supply chain in the automotive industry that has three levels and 
multiple products, while most previous works have been limited to the relationships in 
a single buyer–single vendor with a single product scenario.

Model description and solution approach
In this section, the proposed model and solution approach are explained in detail based 
on two scenarios. First is the decentralized non-coordinated structure, in which each 
member tries to optimize its own objectives. We show that under this setting, the sup-
ply chain performance is not satisfactory, and lost sales are inevitable. To improve the 
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supply chain performance, a second scenario is proposed in which all members oper-
ate in a way that optimizes the financial and operational decisions of the entire system 
by adopting a coordination scheme. In the end, we apply a cost-sharing mechanism for 
sharing the benefits of coordination among all members. This can be a motivation tool 
for all members to accept the proposed coordination scheme.

Assumptions and notations

We consider a three-level multi-product supply chain in the automotive industry. Fig-
ure  1 shows the structure of the mentioned supply chain. This supply chain includes 
several suppliers of raw materials and the components of automobile original parts, a 
capital-constrained OEM that manufactures original parts of automobiles (powertrain 
components including engines, gearboxes, and axles), and an auto manufacturer.

In the said supply chain, the necessary components and materials (shown by index k) 
are shipped from outside sources to the suppliers ( S1, S2, . . . , SK  ). These components are 
purchased by the OEM to produce the original parts of automobiles (shown by index 
n) according to the deterministic demand of the auto manufacturer. Afterward, these 
original parts are shipped to the auto manufacturer for assembling and producing final 
products (shown by index j). All of these activities take place continuously during the 
planning horizon (T).

The auto manufacturer has a predetermined production capacity for each final prod-
uct j, which can be considered as the deterministic demand (shown by Dj ) in the speci-
fied planning horizon (T). The OEM manufactures original parts of the final products 
(shown by index n) according to the auto manufacturer’s demand. The demand for the 
original parts manufactured by the OEM ( Dn ) can be calculated simply according to Dj , 
that is, Dn =

∑

j

mjnDj , where mjn represents the quantity of part n needed for producing 

each unit of product j. The ordering and replenishment of required components and 
materials by the OEM take place in multiple periods during the planning horizon. Note 
that each component k is purchased from one supplier ( Sk).

The OEM faces liquidity constraints and limitations in short-term financing, leading 
to lost sales and consequently, an unsatisfactory service level. In this study, we define 
service level as the satisfied demand of original parts divided by the total demand of orig-
inal parts, which is shown by αn (αn =

Satisfied demand of part n
Total demand of part n

) . It is a decision variable for 
the proposed model.

The inventory policy adopted in the proposed problem is based on the EOQ inventory 
policy, with some different and additional assumptions. Table 2 provides a comparison 
between the classical EOQ assumptions and the assumptions of the proposed model.

The notations of the mathematical formulation are given in Table 3.

The mathematical formulation of the non‑coordinated supply chain

In this section, we model the decentralized non-coordinated supply chain in which each 
member optimizes its own problem without considering other members’ costs and 
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benefits. As such, three models are discussed, namely, the OEM’s, the suppliers’, and the 
auto manufacturer’s models.

The OEM’s model

As previously mentioned the OEM is faced with capital shortage and financing limita-
tions. Since the OEM does not have sufficient initial budget to carry out its operations 
and the amount of external financing is limited, it might not be able to satisfy all of the 
auto manufacturer’s demand, which leads to lost sales. In this case, the OEM should 
decide on the fraction of satisfied demand for original parts ( αn ) while minimizing cost. 
To deal with this situation, we propose a bi-objective model that simultaneously mini-
mizes the operational–financial costs of the OEM ( �OEM ) and maximizes satisfied 
demand of the original parts ( 

∑

n
αnDn).

The first objective function includes inventory replenishment costs (ordering, purchas-
ing, and inventory carrying costs), fixed and variable production costs, and the cost of 
capital for borrowing the required capital. Inventory carrying cost or holding cost is the 
opportunity cost of the capital tied up in the inventories plus other costs (storage, obso-
lescence, damage, deterioration, insurance, etc.). Therefore, in this study, the parameter 
hk only represents the “cost of capital,” and sk represents the “other costs,” which we refer 
to as the storage cost of component k for the OEM.

Lemma 1  The opportunity cost of the capital tied up in the inventories is calculated as 
follows:

Proof  See “Appendix 1”.

The OEM replenishes its inventory from suppliers in the shipments of size Qk every 

TOEMk
= Qk/Dk units of time where Dk =

(

∑

n
NnkαnDn

)

 . We model the OEM’s prob-

lem as a bi-objective optimization problem that minimizes the total costs of inventories, 
production, and finance per unit time, and maximizes the satisfied demand:

(1)H(k) = hk

(

(Qk − tkDk)
+
)2

2Dk
, where (x)+ = max (x, 0) and k = 1, 2, . . . , K .

Fig. 1  The structure of the supply chain considered in this study
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The first objective (2) is to minimize the OEM’s total costs, which include ordering 
cost (first term), purchasing cost (second term), storage cost (third term), the opportu-
nity cost of the capital tied up in inventories (fourth term), fixed and variable production 
costs (fifth term), and loan repayment at the end of the time horizon (sixth term). The 
first constraint (4) represents the limitation of external financing (debt). The second (5), 
demonstrates the OEM’s budget constraint, and the third constraint (6) implies that the 
amount of cash by the end of the time horizon should not be less than the lower limit (L) 
determined by the manager.

(2)

minTCOEM =
∑

k

Ak

∑

n NnkαnDn

Qk

+
∑

k

wk ∗

(

∑

n

NnkαnDn

)

+
∑

k

sk
Qk

2

+
∑

k

H(k)

∑

n NnkαnDn

Qk

+
∑

n

(Fn + vnαnDn)+ Dbt
(

(1+ i)T − 1
)

(3)Maxω =
∑

n

αnDn

(4)
s.t

Dbt ≤ M

(5)

∑

k

wk∗

(

∑

n

NnkαnDn

)

+
∑

n

(Fn + vnαnDn)+
∑

k

sk
Qk

2
+
∑

k

Ak

∑

n NnkαnDn

Qk
≤ B+Dbt

(6)

B+ Dbt +
∑

n

pnαnDn −
∑

k

wk ∗

(

∑

n

NnkαnDn

)

−
∑

n

(Fn + vnαnDn)

−
∑

k

sk
Qk

2
−

∑

k

Ak

∑

n NnkαnDn

Qk
− Dbt(1+ i)T ≥ L

Table 2  Comparison between EOQ policy and inventory policy of the current paper

Characteristics This paper’s inventory policy Classical EOQ policy

Demand Constant Constant

Lead time No lead time No lead time

Products Multiple products Single product

Capacity Limited budget
Limited financing capacity

No limit

Service Lost sales are allowed Product shortage is not allowed

The unit cost of inventory Variable (in the coordinated scenario, the unit cost 
of inventory is determined according to the trade 
credit terms)

Constant

Time of payment Variable from the time of product delivery to a 
maximum allowed limit

At the time of product delivery
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Table 3  Summary of notations

Indices

j Index of final products at the auto manufacturer (j = 1, 2, 
…, J)

n Index of OEM’s products (n = 1, 2, …, N)

k Index of components purchased from supplier Sk by the 
OEM (k = 1, 2, …, K)

Parameters related to the suppliers’ decisions

Sk The supplier of component k for the OEM

Dk Demand for component k

TSk Cycle time of replenishment for supplier k

s′k The unit storage cost of component k for supplier Sk
h′k The unit holding cost of component k for supplier Sk , rep-

resenting the cost of capital, excluding the storage cost

A′k The fixed ordering cost of component k by supplier Sk
ck The unit cost of component k purchased from external 

sources by the supply chain suppliers

rk Rate of return for supplier Sk
Parameters related to the OEM’s decisions

Dn Demand for part n

TOEMk
Cycle time of replenishment for OEM

Fn Fixed cost of producing part n at the OEM

vn Variable production cost for each unit of part n at the 
OEM

pn The unit price of part n produced by the OEM

wk The unit cost of component k purchased from suppliers in 
the supply chain by the OEM

Nnk The quantity of component k needed for producing each 
unit of part n

sk The unit storage cost of component k for the OEM

hk The unit holding cost of component k for the OEM, repre-
senting the cost of capital, excluding the storage cost

Hk The opportunity cost of the capital tied up in the inven-
tories

Ak The fixed ordering cost of component k by the OEM

rOEM Rate of return (ROR) for the OEM

i The interest rate of external financing

γk Penalty rate for the delay in payment to supplier Sk
tmaxk Maximum deadline for payment to supplier Sk
M Maximum limit for external financing (Debt)

B Initial budget

L Minimum cash level at the OEM, determined by the 
manager

Parameters related to the auto manufacturer’s decisions

Dj Total demand for final product j

mjn The quantity of part n needed for producing each unit of 
final product j

pj The unit price of product j produced by the auto manu-
facturer

rAM Rate of return for the auto manufacturer

Decision variables

OEM

Qk Order quantity for component k ordered by the OEM to 
the supplier Sk

αn The service level of original part n
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The suppliers’ model

Each supplier supplies one component for the OEM. They replenish their inventory from 
outside vendors in the shipments of size �kQk every TSk = �kQk/Dk units of time where 

Dk =

(

∑

n
NnkαnDn

)

 and �k = 1, 2, . . . and deliver Qk to the OEM every TOEMk
= Qk/Dk 

units of time (Fig. 2). Note that if �k = 1 , the suppliers follow the lot-for-lot policy. Figure 2 
shows the inventory levels of each supplier and the OEM. According to Fig. 2, the average of 
each supplier’s inventory per cycle can be calculated as the area under the inventory level, 

that is, (�k − 1)QkTOEMk
+ (�k − 2)QkTOEMk

+ · · · +QkTOEMk
= QkTOEMk

�k
∑

i=1

(�k − i) , 

which is equal to Q
2
k�k (�k−1)

2Dk
.

Similar to the OEM’s problem, two elements are considered for inventory holding 
cost—the storage cost and cost of capital. Since the suppliers pay immediately to their 
vendors, the amount of inventory that is included in the cost of capital is the same as the 
one included in the storage cost. Thus, we calculate the total inventory holding cost for 
supplier k in the planning horizon as 

(

s′k + h′k
)Qk (�k−1)

2
 by dividing the holding cost per 

period, (
(

s′k + h′k
)Q2

k�k (�k−1)

2Dk
) , by Tsk.

It is supposed that the suppliers have sufficient budget. Thus, we just considered 
inventory replenishment costs for the suppliers such as procurement, ordering, and 
holding costs. The cost function of each supplier k in the planning horizon (1 year) is 
modeled as follows:

The auto manufacturer’s model

The auto manufacturer produces the final products of the supply chain. It supplies the 
required original parts from the OEM. It is assumed that the required parts are shipped 
every day from the OEM to the auto manufacturer to be included in the production line 
of automobiles. The auto manufacturer pays for these parts at the end of the planning 
horizon. The majority of the auto manufacturer’s inventory costs are related to the pro-
curement of original parts. Therefore, in this study, the auto manufacturer’s cost func-
tion is modeled only as the sum of the procurement cost of parts from the OEM, since 
inventory holding and ordering costs are negligible as compared with the procurement 
cost.

(7)TCSk = ck

(

∑

n

NnkαnDn

)

+ A′
k

∑

n NnkαnDn

�kQk
+

(

s′k + h′k
)Qk(�k − 1)

2

Table 3  (continued)

tk The OEM’s payment time to supplier Sk
Dbt The required amount of external financing for the OEM

Suppliers

dk The due date of the interest-free period

�k The coefficient of replenishment for supplier Sk
Auto manufacturer

β The prepayment rate of the auto manufacturer
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(Note that AM refers to the auto manufacturer in the mathematical terms and tables 
in the rest of this paper.)

Supply chain coordination model

In the coordination scheme, the suppliers offer trade credit to the OEM as a financing 
source in exchange for an increase in the OEM’s orders. Having delayed (extended) its 
payments, the OEM invests its cash, if any, until tk and gains interest equal to 
∑

k

wk ∗ Qk ∗

[

(1+ rOEM)
tk − (1+ γk)

(tk−dk )
+
]

 units of cash each period, where 

(x)+ = max (x, 0) . Meanwhile, the auto manufacturer pays in advance a fraction of paya-
bles to help the OEM improve its service level by increasing its production rate. Conse-
quently, the auto manufacturer incurs an opportunity cost by prepaying. The members’ 
cost functions are rewritten based on the aforementioned assumptions ( TCc

.  refers to the 
cost function of the members and supply chain under the coordination scheme.). The 
OEM’s cost function in the coordinated model becomes:

The last term in the objective function is the capital gain of the OEM from extend-
ing its payables. There are upper bounds on the OEM’s payment time to the suppliers, 
which are considered as constraints for the coordination problem:

(8)TCAM =
∑

n

pnαnDn

(9)

TCc
OEM =

∑

k

Ak

∑

n NnkαnDn

Qk

+
∑

k

sk
Qk

2
+

∑

k

H(k)

∑

n NnkαnDn

Qk

+
∑

n

(Fn + vnαnDn)+
∑

k

wk ∗

(

∑

n

NnkαnDn

)

+ Dbt
(

(1+ i)T − 1

)

−
∑

k

wk ∗

(

∑

n

NnkαnDn

)

∗

[

(1+ rOEM)
tk − (1+ γk)

(tk−dk )
+
]

(10)tk ≤ tmax k∀k = 1, 2, . . . ,K

Fig. 2  Inventory levels for each supplier and the OEM
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The budget constraint in (5) will change based on the coordination settings as:

The balance of the cash at the end of the time horizon in (6) is rewritten as follows:

In the coordination scheme, the members should decide on the due date of the inter-
est-free period ( dk ). According to this setting, as the OEM delays its payments, an oppor-
tunity cost is incurred by the suppliers, which is added to their cost function. The cost 
function for each supplier k is rewritten as:

By adding the opportunity cost due to prepayment to the auto manufacturer’s objec-
tive function, it becomes:

where β is the prepayment rate that is a decision variable in the coordinated scenario.
According to the members’ cost functions, we can write the coordinated nonlinear bi-

objective supply chain model as follows:

subject to (4), (10), (11), and (12).
All of the variables are assumed to be positive to decrease the problem’s complexity, 

that is, the variables of time, tk and dk , and the coefficient �k are considered as positive 
continuous variables. Moreover, �k has a lower bound which is equal to 1.

(11)

∑

k

wk ∗

(

∑

n

NnkαnDn

)

∗ (1+ γk)
(tk−dk )

+

+
∑

n

(Fn + vnαnDn)+
∑

k

sk
Qk

2

+
∑

k

Ak

∑

n NnkαnDn

Qk
≤ B+ Dbt + β ∗

(

∑

n

pnαnDn

)

(12)

B+ Dbt +
∑

n

pnαnDn +
∑

k

wk

(

∑

n

NnkαnDn

)

(

(1+ rOEM)
tk − 1

)

−
∑

n

(Fn + vnαnDn)

−
∑

k

wk ∗

(

∑

n

NnkαnDn

)

∗ (1+ γk )
(tk−dk )

+

− Dbt(1+ i)T ≥ L

(13)

TC
c
Sk

= ck

(

∑

n

NnkαnDn

)

+ A′
k

∑

n NnkαnDn

�kQk

+
(

s′k + h′k
)Qk(�k − 1)

2

+ wk

(

∑

n

NnkαnDn

)

[

(1+ rk)
tk − (1+ γk)

(tk−dk )
+
]

(14)TCc
AM =

∑

n

pnαnDn + β

(

∑

n

pnαnDn

)

(

(1+ rAM)
T
− 1

)

(15)minZ = TCc
OEM +

∑

k

TCc
Sk

+ TCc
AM

(16)maxω =
∑

n

αnDn
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Solution approach

To solve the bi-objective optimization models in both scenarios, we use the ε-constraint 
method by considering the cost function as the main objective and the other objective as 
a constraint of the problem. It is assumed that α1 = α2 = · · · = αn = α (here n = 3) , that 
is, all of the n parts should be produced in equal quantities. In other words, the demand 
satisfaction level for all parts should be the same. Based on this assumption, maximizing 
the satisfied demand for original parts ( 

∑

n
αDn ) is equal to the maximization of the ser-

vice level for original parts ( α) . As such, for simplicity, in the ε-constraint method, we 
use α ≥ x(where ε = 0.1, 0.2, . . . , 1) in the constraints of the models instead of 
∑

n
αnDn ≥ y (where y is the lower bounds of the satisfied demand). In this method, the 

non-dominated (Pareto) solutions are found according to different service levels. The 
best solution among these non-dominated solutions is chosen according to the experts’ 
opinions. In the optimal solution of the proposed model, it can be proved that tk is less 
than or equal to dk . This reduces the problem’s complexity.

Lemma 2  tk is less than or equal to dk in the optimal solution of the proposed model.

Proof  See “Appendix 2”.

After simplifying the model according to the above-mentioned lemma and assump-
tions, the models are solved by the ε-constraint method in the general algebraic mod-
eling system (GAMS).

Numerical analysis
In this section, we compare the two scenarios explained in the previous section. We 
show the effects of coordinating a budget-constrained supply chain on the financial and 
operational decisions of the members. Furthermore, a cost-sharing mechanism is devel-
oped to share coordination benefits among all members. In the end, we provide a sensi-
tivity analysis to show the sensitivity of the model variables and cost function to some 
critical financial parameter fluctuations.

Data

The models are solved using data from an OEM of an automotive supply chain in Iran 
(Table 4). This supply chain includes 10 suppliers of strategic components and materi-
als for the OEM (Each component is supplied by only one supplier; thus, K = 10), which 
produces three kinds of original parts (powertrain components including engines, gear-
boxes, and axles) for the auto manufacturer (N = 3), and an auto manufacturer with 2 
kinds of final products (J = 2; Fig. 1). The required data are collected from the compa-
ny’s archives and analyzed under the supervision of the OEM’s supply chain manager. 
In solving the model, the initial budget (B) and minimum cash level at the OEM (L) are 
assumed to be zero.
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Solution results

This section presents the results of solving the proposed models in Section  “Model 
description and solution approach”. The results are reported in two tables in the form 
of non-dominated solutions. Table 5(a) and (b) show the costs of the members and the 
total cost of the supply chain according to different service levels in both scenarios, and 
Table 6 presents the quantities of the problem’s decision variables.

The OEM is faced with capital shortage and financing limitations, that is, it cannot 
obtain more than M units of cash from external financial institutions such as banks (M is 
the maximum limit for external financing). As explained earlier, this limitation may have 
some consequences such as the inability to satisfy all of the auto manufacturer’s demand 
and losing part of the OEM’s market share.

According to the numerical results, in the non-coordinated scenario with this circum-
stance (Table 5(a)), the OEM is not able to satisfy more than about 50% of the demand, 
as the quantity of required external financing for 60% of the auto manufacturer’s demand 

Table 4  Data from  an  OEM in  the  automotive supply chain for  the  model parameters 
(Prices are in terms of 1000 units of cash)

j = 1, 2 
(index 
of final 
products)

J Dj (units of product) Fj Vj

1 15,000 6000 90

2 10,000 5700 130

n = 1, 2, 
3 (index 
of original 
parts)

N Pn Fn Vn

1 3700 2800 370

2 4500 3000 410

3 2900 1950 290

k = 1, 2, …, 
10(index 
of strategic 
components 
and materials)

K Ak sk wk ck sk Ak tmaxk (in 
days)

1 120 4 100 60 4 230 40

2 100 3 150 100 2 200 70

3 250 2 75 50 1 190 60

4 140 3 56 30 2 160 50

5 100 1 68 48 1 210 40

6 160 2 95 65 1 169 60

7 173 3 110 90 2 180 60

8 185 5 80 65 4 200 60

9 149 6 90 70 4 175 90

10 137 6 79 60 4 180 40

MaxDbt i (Annual 
rate)

r OEM 
(Annual 
rate)

r AM 
(Annual 
rate)

h k (Annual 
rate)

 r k (Annual 
rate)

y k (Annual 
rate)

50000000 36.5% 32.85% 29% 29% 29% 29%
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is 55,479,000 (Table  6), which is more than the maximum limit of external financing 
(M = 50,000,000). Therefore, the problem is infeasible for α ≥ 0.6 (italics in Tables 5(a) 
and 6) for the non-coordinated structure in accordance with the financing limitations 
(For α ≥ 0.6 , the problem is solved by eliminating constraint (5), which is related to the 
financing limitations, to track the amount of required loan from financial institutions.). 
The proposed coordination mechanism is developed to deal with these kinds of difficul-
ties. Table 5(b) shows that in the coordinated scenario, all of the demand can be satisfied 
despite the financing limitations because of internal financing. Figure  3 illustrates the 
differences between the costs of the OEM, auto manufacturer, and the supply chain for 
the two scenarios for different service levels.

The numerical results indicate that the proposed coordination mechanism leads to 
cost reduction for the whole supply chain as compared with the non-coordinated sce-
nario. As seen in Table  5(b), the supply chain cost is reduced in the coordinated sce-
nario, as compared with the non-coordinated one, for all service levels (According to the 
results, for α > 0.5 , the problem is infeasible for the non-coordinated scenario, i.e., the 
costs become infinity.). Moreover, through coordination, the OEM can order in larger 
quantities and larger periods than in the non-coordinated case (Table 6). In the coordi-
nated scheme, the OEM takes advantage of the prepayment option and avoids external 
financing for all service levels in this example. As explained later in Lemma 3 in sec-
tion “Sensitivity analysis”, the reason is that in this example, the interest rate of external 
financing is larger than the opportunity cost of the auto manufacturer. Consequently, 
the auto manufacturer’s loss due to the prepayment to the OEM is less than the inter-
est paid to the external institution for the loan at the end of the time horizon. It is also 
observed that for service levels of 0.9 and 1, the OEM takes advantage of both options: 
trade credit and prepayment of the auto manufacturer.

Cost‑sharing mechanism

As previously mentioned, the supply chain benefits from the proposed coordination 
scheme through cost reduction. In the process of coordination, it is normal that some of 
the members face increased costs and others, reduced costs. As seen in Fig. 3, through 
coordination, the OEM’s costs decrease but those of the auto manufacturer increase.

In such cases, to persuade members whose costs increased to accept the coordina-
tion scheme, the last step is sharing the gains and losses among all members of the sup-
ply chain so that all the parties benefit equally from the coordination. In this regard, we 
apply a cost-sharing mechanism to the coordination scheme, as adopted by Moussawi-
Haidar et al. (2014), wherein the gains and losses are shared according to the ratio of the 
individual cost per unit time with respect to the chain’s non-coordinated cost per unit 
time. Let Cchain and C0

chain be the total unit cost of a coordinated supply chain and the 
total unit cost of a non-coordinated supply chain, respectively, and C0

x  the cost per unit 
time of member x of the non-coordinated supply chain. x is a member of set Mx = OEM, 
auto manufacturer, S1 , S2 , …, SK  . We get the following ratios:

(17)Zx =
C0
x

C0
chain

with
∑

Mx

Zx = 1
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Table 6  The value of  decision variables in  both  scenarios; italics shows the  infeasible 
solutions for the main problem

α Dk Coordinated supply chain Non-coordinated supply chain

β Debt λk dk tk Tk Qk Debt λk Tk Qk

0.1 5000 0.334 0 1 0 0 62 854.01 1 40 547.65

5000 1 0 0 59 814.63 9,267,600 2 42 577.24

5000 1 0 0 100 1369.86 1 82 1117.72

5000 1 0 0 68 929.96 1 50 683

20,000 1 0 0 58 3204.29 2 36 1998.89

10,000 1 0 0 58 1597.61 2 46 1264.56

10,000 1 0 0 52 1431.49 1 39 1073.74

5000 1 0 0 60 817.72 1 44 608.21

5000 1 0 0 50 682.73 1 40 547.65

5000 1 0 0 49 627.57 2 42 577.24

0.2 10,000 0.334 0 1 0 0 44 1207.75 1 28 774.49

10,000 1 0 0 42 1152.06 18,513,000 2 30 816.35

10,000 1 0 0 72 1979.36 1 58 1580.70

10,000 1 0 0 48 1315.16 1 35 965.91

40,000 1 0 0 41 4531.55 2 26 2826.86

20,000 1 0 0 41 2259.37 2 33 1788.36

20,000 1 0 0 37 2024.43 1 28 1518.49

10,000 1 0 0 42 1156.43 1 31 860.14

10,000 1 0 0 35 965.53 1 26 704.68

10,000 1 0 0 35 951.15 2 25 675.71

0.3 15,000 0.333 0 1 0 0 36 1479.19 1 23 948.55

15,000 1 0 0 34 1410.98 27,756,000 2 24 999.82

15,000 1 0 0 59 2424.21 1 47 1935.95

15,000 1 0 0 39 1610.73 1 29 1183

60,000 1 0 0 34 5549.99 2 21 3462.18

30,000 1 0 0 34 2767.14 2 27 2190.28

30,000 1 0 0 30 2479.41 1 23 1859.76

15,000 1 0 0 34 1416.33 1 26 1053.45

15,000 1 0 0 29 1182.52 1 21 863.05

15,000 1 0 0 28 1164.92 2 20 827.57

0.4 20,000 0.333 0 1 0 0 31 1708.02 1 20 1095.29

20,000 1 0 0 30 1629.26 36,997,000 2 21 1154.49

20,000 1 0 0 51 2799.23 1 41 2235.45

20,000 1 0 0 34 1859.91 1 25 1366.01

80,000 1 0 0 29 6408.57 2 18 3997.78

40,000 1 0 0 29 3195.22 2 23 2529.12

40,000 1 0 0 26 2862.97 1 20 2147.47

20,000 1 0 0 30 1635.44 1 22 1216.42

20,000 1 0 0 25 1365.46 1 18 996.57

20,000 1 0 0 25 1345.13 2 17 955.60
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Table 6  (continued)

α Dk Coordinated supply chain Non-coordinated supply chain

β Debt λk dk tk Tk Qk Debt λk Tk Qk

0.5 25,000 0.333 0 1 0 0 28 1909.62 1 18 1224.58

25,000 1 0 0 27 1821.57 46,238,000 2 19 1290.76

25,000 1 0 0 46 3129.64 1 36 2499.31

25,000 1 0 0 30 2079.44 1 22 1527.24

100,000 1 0 0 26 7165 2 16 4469.65

50,000 1 0 0 26 3572.37 2 21 2827.64

50,000 1 0 0 23 3200.90 1 18 2400.94

25,000 1 0 0 27 1828.47 1 20 1360

25,000 1 0 0 22 1526.63 1 16 1114.20

25,000 1 0 0 22 1503.90 2 16 1068.39

0.6 30,000 0.333 0 1 0 0 25 2091.89 1 16 1342.45

30,000 1 0 0 24 1995.43 55,479,000 2 17 1413.95

30,000 1 0 0 42 3428.35 1 33 2737.85

30,000 1 0 0 28 2277.92 1 20 1673.01

120,000 1 0 0 24 7848.87 2 15 4896.26

60,000 1 0 0 24 3913.33 2 19 3097.53

60,000 1 0 0 21 3506.41 1 16 2630.10

30,000 1 0 0 24 2002.99 1 18 1489.0

30,000 1 0 0 20 1672.34 1 15 1220.54

30,000 1 0 0 20 1647.44 2 14 1170.36

0.7 35,000 0.333 0 1 0 0 24 2259.50 1 15 1448.94

35,000 1 0 0 22 2155.31 64,719,000 2 16 1527.24

35,000 1 0 0 39 3703.04 1 31 2957.22

35,000 1 0 0 26 2460.43 1 19 1807.06

140,000 1 0 0 22 8477.75 2 14 5288.57

70,000 1 0 0 22 4226.88 2 17 3345.71

70,000 1 0 0 20 3787.36 1 15 2840.83

35,000 1 0 0 23 2163.48 1 17 1609.17

35,000 1 0 0 19 1806.33 1 14 1318.34

35,000 1 0 0 19 1779.44 2 13 1264.14

0.8 40,000 0.333 0 1 0 0 22 2415.51 1 14 1548.98

40,000 1 0 0 21 2304.12 73,958,000 2 15 1632.69

40,000 1 0 0 36 3958.72 1 29 3161.40

40,000 1 0 0 24 2630.31 1 18 1931.83

160,000 1 0 0 21 9063.09 2 13 5653.72

80,000 1 0 0 21 4518.73 2 16 3576.72

80,000 1 0 0 18 4048.85 1 14 3036.98

40,000 1 0 0 21 2312.86 1 16 1720.27

40,000 1 0 0 18 1931.05 1 13 1409.36

40,000 1 0 0 17 1902.30 2 12 1351.42
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We can calculate the cost of each member by:

Table  7 shows the results of sharing the costs among members. As seen in Table  7, 
compared with the non-coordinated case, the costs of all members in the coordinated 

(18)Cost ofmember x = ZxCchain

Table 6  (continued)

α Dk Coordinated supply chain Non-coordinated supply chain

β Debt λk dk tk Tk Qk Debt λk Tk Qk

0.9 45,000 0.333 0 1 40 40 21 2562.22 1 13 1642.94

45,000 1 70 70 20 2444.37 83,197,000 2 14 1731.73

45,000 1 60 60 34 4199.48 1 27 3353.7

45,000 1 50 50 23 2790.15 1 17 2049.01

180,000 1 40 40 19 9615.73 2 12 5996.67

90,000 1 60 60 19 4793.97 2 15 3793.68

90,000 1 60 60 17 4294.89 1 13 3221.20

45,000 1 60 60 20 2453.30 1 15 1824.63

45,000 1 90 90 17 2048.29 1 12 1494.85

45,000 1 40 40 16 2017.80 2 12 1433.39

1 50,000 0.333 0 1 40 40 20 2700.82 1 13 1731.81

50,000 1 70 70 19 2576.59 92,436,000 2 13 1825.40

50,000 1 60 60 32 4426.64 1 26 3534.55

50,000 1 50 50 21 2941.07 1 16 2159.85

200,000 1 40 40 18 10,135.87 2 12 6321.05

100,000 1 60 60 18 5053.29 2 15 3998.89

100,000 1 60 60 17 4527.21 1 12 3395.45

50,000 1 60 60 19 2586.01 1 14 1923.33

50,000 1 90 90 16 2159.09 1 12 1575.71

50,000 1 40 40 16 2126.95 2 11 1510.93
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Fig. 3  The differences between the costs of OEM, AM, and the supply chain in two scenarios for different 
service levels. Note: For the service levels more than 0.5, the problem is infeasible for the non-coordinated 
scenario, that is, infinity costs
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scenario are reduced for all service levels (Table  5(a)) after applying the cost-sharing 
mechanism.

Figure  4 shows the difference between the costs of the OEM, auto manufacturer, 
and supply chain in the non-coordinated and coordinated scenarios after applying the 
cost-sharing mechanism. A comparison between Fig. 3 and Fig. 4 indicates the fair dis-
tribution of gains and losses among supply chain members as a result of applying the 
cost-sharing mechanism.

Figure 5 shows the difference between the costs of the OEM and auto manufacturer 
before and after applying the cost-sharing mechanism in the coordinated scenario.

Sensitivity analysis

In this section, we analyze the sensitivity of the system’s costs and model variables to the 
fluctuations in both the operational and financial parameters. To avoid excessive calcu-
lations, the analysis is only performed for the case with α = 1.

Sensitivity analysis for the operational parameters

A sensitivity analysis regarding inventory-related parameters, Ak , Sk , A′
k , and S′k , is pro-

vided. To this end, for simplicity, we define a coefficient denoted by ω to make changes in 
the parameters. For instance, for parameter Ak , if ω = 2 , this means that for all k, Ak is 
multiplied by 2. The results are illustrated in Fig. 6. As expected, the results indicate that 
the impact of changes in Ak and Sk on the order quantities and the total cost is similar 
to the classical EOQ model (see Fig. 6a, b). Moreover, by decreasing Ak or increasing Sk , 
the average amount of �k increases (see Fig. 6c) because of the reduction in the OEM’s 
order quantities (Fig. 6a).

Any changes (increase or decrease) in A′
k has a direct effect on the order quantities 

at the OEM (see Fig.  6a). Furthermore, by increasing A′
k or decreasing S′k the average 

amount of �k increases. In this case, the suppliers tend to order in larger quantities to 
support more than one order at the OEM every time and store the remaining inventory 
for the next orders. According to the results shown in Fig. 6a, the average order quantity 
at the OEM decreases by decreasing S′k . This can be justified according to the model. 
As seen in Fig. 6c, d, by increasing S′k (for ω < 1 ) the average amount of �k decreases 
until it equals 1 (the lot-for-lot policy). In this situation, if the average order quantity also 
decreases, the average amount of �k ∗Qk will largely decrease and cause a large increase 
in the total cost. Therefore, to avoid this large loss, the OEM increases the order quanti-
ties. (The order quantities of the OEM and the total cost do not change by increasing S′k 
from its values in the main example, that is, where ω = 1 in the horizontal axis, because 
of the lot-for-lot policy of suppliers).

Sensitivity analysis for financial parameters

A sensitivity analysis is provided with respect to some important financial parameters 
namely, i, rOEM , rAM , and rk . The results are presented in Tables 8, 9, 10 and 11. Note 
that the rates in the tables are daily rates. The analysis of the results is summarized in the 
form of some lemmas.
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Lemma 3  When i < rAM , the OEM borrows from the external financial institution as 
much as possible, that is, the maximum debt limit (Table 8(a)). Conversely, when i ≥ rAM, 
the OEM obtains financing from its internal source, the auto manufacturer’s prepayment 
(Table 8(b), (c) and (d)).

Proof  i < rAM means that the interest rate of the loan is less than the opportunity cost 
of the auto manufacturer, such that the interest paid to the external institution for the 
loan at the end of the time horizon is less than the auto manufacturer’s loss arising from 
its prepayment to the OEM. This is why the OEM uses the maximum limit of the loan 
in this situation. By contrast, when i > rAM , the OEM uses internal financing from the 
auto manufacturer (Table  8(c), (d)). For the equality mode, i = rAM , no difference is 
expected between external and internal financing, but by making the debt equal to zero, 
constraint (12) becomes less constrictive. Therefore, in this case, internal financing is 
preferred (Table 8(b)).� □
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Fig. 4  The differences between the costs of OEM, AM, and the supply chain in the non-coordinated scenario 
and the coordinated scenario after applying the cost-sharing mechanism. Note: For the service levels more 
than 0.5, the problem is infeasible for the non-coordinated scenario, that is, infinity costs)
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Lemma 4  If rk < rOEM then the OEM delays its payments until the maximum limit 
(Table 9(c), (d)) is reached, and if rk > rOEM the OEM pays at the time of ordering ( tk = 0; 
Table 9(a)).

Proof  To prove this lemma, we consider Z′ (Eq. 25 in “Appendix 2”) because the rest of 
the cost function does not affect the process of proving. According to Z′ , we get the fol-
lowing rule:

The smaller the Z′ the better is the objective function. Therefore, if rk > rOEM , the 
greater the tk , the greater is the Z′ and consequently, the worse is the objective function. 
From a mathematical viewpoint, we prove the proposition below:

Proposition 1: If rk > rOEM > 0 and assuming we have t ′k such that t ′k > tk > 0 ; then:

Proof of proposition 1

This inequality implies that under this circumstance, the lower the tk , the better is the 
objective function. To prove this, we write the inequality below:

(19)(1+ rk)
t ′k − (1+ rOEM)

t ′k > (1+ rk)
tk − (1+ rOEM)

tk

(20)
[

(1+ rk)
tk − (1+ rOEM)

tk
]

(1+ rOEM)
t ′k−tk

>

[

(1+ rk)
tk − (1+ rOEM)

tk
]
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The inequality above is true because rOEM > 0 and t ′k − tk > 0; consequently, 
(1+ rOEM)

t ′k−tk
> 1 ; therefore, we reach:

If rk > rOEM > 0 , then (1+ rk)
t ′k−tk

> (1+ rOEM)
t ′k−tk ; thus, we can substitute 

(1+ rk)
t ′k−tk with (1+ rOEM)

t ′k−tk in the inequality (22). Then we get:

which is equal to (1+ rk)
t ′k − (1+ rOEM)

t ′k > (1+ rk)
tk − (1+ rOEM)

tk.
This is why the OEM should pay at the beginning of the period when rk > rOEM.

Lemma 5  The lower the rAM , the lower is the total cost of the supply chain (Table 10).

Proof  Taking the derivative of the cost function with respect to rAM , we get 

Tβ

(

∑

n
pnαnDn

)

(1+ rAM)
T−1 , which is greater than or equal to zero. Thus, the total 

cost function is increasing in rAM.

Lemma 6  If rk ≥ rOEM (Table  11(c), (d)), then the total cost of the supply chain 
becomes greater than the total cost in the case where rk < rOEM (Table 11(a), (b)), that is, 
Zrk≥rOEM > Zrk<rOEM.

Proof  Again, we consider only Z′ (Eq. 25 in “Appendix 2”) because the other parts do 
not have any effect on the proof of this theorem. According to Z′ , it is obvious that the 
greater the rOEM from rk , the lesser is the Z′ , which means the lesser is the cost function 
of the supply chain.

Conclusion
In this study, we exploited two vital issues in supply chain management—coordination 
between supply chain members and integration of the supply chain’s physical and finan-
cial flows—to improve system performance and service level.

As previously mentioned, combining supply chain coordination and financial deci-
sions is a relatively new research area and needs more attention and extensions to real-
world assumptions. In this stream of literature, some important financial issues, such as 
budget constraints and different financing options, have not been addressed in many of 
the existing works. Moreover, the idea of considering financing limitations and lost sales 
as a consequence of financing limitations is novel in the supply chain coordination liter-
ature. Meanwhile, most of the previous works have been limited to the relationships in a 
single buyer–single vendor with a single product scenario. To fill these gaps in the litera-
ture, we proposed a coordination scheme that is based on joint decision-making and that 
coordinates the operational (inventory–production) and financial decisions of the mem-
bers of a capital-constrained supply chain (with financing limitations) in the automotive 
industry. To the best of our knowledge, this is the first work to address supply chain 

(21)(1+ rk)
tk
(1+ rOEM)

t ′k−tk − (1+ rOEM)
t
′

k >

[

(1+ rk)
tk − (1+ rOEM)

tk
]

(22)(1+ rk)
tk
(1+ rk)

t ′k−tk − (1+ rOEM)
t ′k >

[

(1+ rk)
tk − (1+ rOEM)

tk
]
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coordination together with financing issues for maximizing service level and minimizing 
operational–financial costs.

The proposed supply chain model consists of three levels and multiple products. Two 
scenarios were developed according to the different structures of the supply chain: i) 
non-coordinated supply chain and ii) coordinated supply chain. In the first scenario, the 
members optimize their own costs without considering the benefits and costs of others, 
but in the second one, all the members work in a way that optimizes the supply chain 
costs.

The models were solved using the ε-constraint method, applying GAMS based on data 
from an automotive supply chain in Iran. The results indicate that in the non-coordi-
nated scenario, the OEM cannot satisfy all of the auto manufacturer’s demand and 
faces lost sales. This happens because of the capital shortage and limitations in external 
financing. As observed in Table 5(a) (italics), the OEM is not able to satisfy more than 
about 50% of the auto manufacturer’s demand in the non-coordinated scenario. How-
ever, in the coordinated scenario, all of the auto manufacturer’s demand can be satisfied 
through the OEM’s internal financing.

The advantages of this coordination scheme are twofold: (1) By applying the pro-
posed coordination scheme, the total cost of the supply chain decreases compared with 
the non-coordinated scenario; and (2) The scheme makes it possible to satisfy all of the 
auto manufacturer’s demand despite the capital shortage and financing limitations of the 
OEM. In other words, by adopting this coordination scheme, the supply chain manager 
can finance the supply chain operations and still ensure the service level for the auto 
manufacturer.

In such coordination methods, some of the members take advantage of the coordina-
tion more than others, and some of them may even lose a fraction of their profit. To 
avoid this inequity and motivate the members that lose a portion of their profits because 
of the coordination, a cost-sharing mechanism was applied to the coordination scheme. 
The results demonstrate that after applying the cost-sharing mechanism, the costs of all 
members are lower than their costs in the non-coordinated scenario. Thus, the proposed 
coordination scheme is beneficial to all members of the supply chain. Finally, to vali-
date the proposed coordination model, a sensitivity analysis for the financial parameters 
was conducted to measure the sensitivity of the model variables and cost function to the 
fluctuations of these parameters.

Our results provide the following managerial insights for manufacturers that face 
financial constraints such as insufficient capital and limitations on external financing. 
First, the supply chain manager should integrate the operational and financial deci-
sions of the firm. Second, he/she should entice the upstream and downstream partners 
to adopt operational–financial coordination. Furthermore, some detailed managerial 
insights after adopting the proposed coordination scheme are listed below.

•	 If the interest rate of the loan is more than the downstream partner’s rate of return 
(ROR), the manufacturer should finance all the required working capital from the 
downstream partner. Conversely, it should borrow from the external source as much 
as it needs until the maximum limit of the external financing is reached.
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•	 If supplier k’s ROR is less than the manufacturer’s ROR, supplier k should offer a 
credit period (interest-free period) to the manufacturer for its payment, and the 
manufacturer should delay its payment to supplier k until the maximum deadline. 
Conversely, it should pay at the time of ordering.

We end this paper with two remarks. First, we have modeled the deterministic state of 
the problem based on an EOQ policy. However, sometimes in the real world, firms face 
fluctuations in demand. Thus, this research can be extended to the case with stochastic 
demand, which calls for a new coordination scheme. Second, we used trade credit and 
prepayment of the auto manufacturer as two options for internal financing. Adopting 
other options to finance the capital-constrained member is another avenue for further 
research.
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Appendix 1
The proof of lemma 1

As mentioned in section  “The mathematical formulation of the non-coordinated sup-
ply chain”, this paper has assumed that the total holding cost is a composite of two cost 
components, one associated with the opportunity cost of capital, while the other is the 
cost of stocking one unit of an item. Since the suppliers offer the OEM to settle his/her 
accounts by the time tk ( tk is in terms of days) after the shipment receives, the OEM’s 
holding cost will be different from the case that the OEM settles his/her accounts at the 
time of receiving the shipments. We have considered two cases: 1) tk ≤ TOEMk

 and 2) 
tk > TOEMk

 . In case 1, the holding cost of the OEM with respect to the cost of capital 

( H(k) ) is calculated as hk
(Qk−tkDk )

(

TOEMk
−tk

)

2
 according to Fig. 

7. Where 
(Qk−tkDk )

(

TOEMk
−tk

)

2
 , is the area of shaded triangle and hk is the unit holding 

cost of component k for the OEM, representing the cost of capital, excluding the storage 
cost. We substitute TOEMk

= Qk/Dk in the above statement and reach 
H(k) = hk

(Qk−tkDk )
2

2Dk
.
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In case 2, since the OEM settles his/her account for component k after TOEMk
 , i.e., 

tk > TOEMk
 , his/her inventory level of component k will be zero and subsequently 

H(k) = 0 . We have merged these two cases as bellows:

Appendix 2
The proof of lemma 2

The total system cost function (23) is as follows:

In the above cost function, we consider only the parts containing tk and dk as the other 
parts do not have any influence on our process of proving. We have shown this part by 
Z′:

H(k) = hk

(

(Qk − tkDk)
+
)2

2Dk
where (x)+ = max (x, 0).

(23)

Z =
∑

k

Ak

∑

n NnkαnDn

Qk
+

∑

k

sk
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2
+

∑
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∑
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∑

n
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n
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)

−
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∗
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Z′
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∑
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]

Time

OEM’s inventory level

Fig. 7  The behavior of the inventory in an OEM’s cycle
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By simplification of (Eq. 24) we have:

We can see that (tk − dk)
+ is omitted from the objective function. Therefore, we need 

to check these two variables only in the constraints (11) and (12).
If tk > dk then it exacerbates these two constraints, on the contrary, putting tk ≤ dk 

meliorates the two constraints. So in the optimal solution, we will have tk ≤ dk.
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