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A B S T R A C T   

The multi-period inventory management determines the optimal order quantity of products at the beginning of 
each period, which is an important research issue in supply chain management. In this paper, we propose a 
robust multi-supplier multi-period inventory model with uncertain market demand and uncertain unit carbon 
emission in transportation. We select product quality, ordering cost, service level, and emergency capacity as 
evaluation criteria for each supplier, employ analytic hierarchy process (AHP) technique to comprehensively 
evaluate and score each supplier. According to the evaluated score, the order weight for each supplier is ob-
tained. In our model, we develop carbon emission constraint based on the carbon cap and carbon trading 
mechanism. As for uncertain market demand and uncertain unit carbon emission in transportation, we construct 
Box+Ball and Budget uncertainty sets to characterize various model uncertainties. The robust inventory model is 
a semi-infinite programming model, and cannot be solved directly. We transform the semi-infinite programming 
model into a mixed-integer second-order cone-programming (MISOCP) one via cone duality theory. Finally, the 
effectiveness of the proposed optimization method is illustrated by a case study.   

1. Introduction 

A complete supply chain includes three important links: product 
production, product transportation and product inventory. Each link 
cannot be ignored. Inventory management is an important part of supply 
chain management. To some extent, it is the key link for making a profit 
in supply chain operations. In this paper, we study the link of product 
inventory. The classical inventory theory has been well developed in 
inventory management literature, and its research results have been 
accepted by a large number of scholars. In the classical inventory model, 
the market demand is assumed to be deterministic and the products 
usually come from single-supplier. These assumptions are too restric-
tive. Decision-making in inventory management problem is always 
accompanied by demand uncertainty, especially for new products, sea-
sonal products and fashion goods (Li & Liu, 2019). At the same time, 
supply disruption or shortage frequently happens if the orders come 
from single-supplier (Svoboda, Minner, & Yao, 2021). In addition, the 
classical inventory model doesn’t consider the environmental cost. The 
above deficiencies about the classical inventory model bring many 
limitations to its application in practice. 

In traditional inventory management, the orders often originate from 
single-supplier, which has two shortcomings. The first shortcoming, a 
single source is inflexible, the dependence on the supplier is high, and 
supply disruptions occur frequently. The second shortcoming, single- 
supplier may be unable to fill the orders especially if the customers’ 
demand suddenly increases (Chakraborty, Chauhan, & Ouhimmou, 
2020). For example, due to the outbreak of COVID-19, many suppliers 
have been forced to shut down. It has brought crisis and challenge to 
enterprises that cooperate with only single-supplier (Craven, Liu, 
Mysore, & Wilson, 2020). Another instance is about Philips, which is a 
semiconductor supplier located in Mexico, and is responsible for sup-
plying semiconductors to some enterprises including Nokia and Erics-
son. Philips’ supply of semiconductors for Nokia and Ericsson was 
disrupted due to a sudden big fire. Because of the disruption, Ericsson 
lost 400 million, while Nokia suffered less because it has cooperated 
with a backup supplier in time (Silbermayr & Minner, 2014). The 
resilient supply chain can reduce the risk of supply disruption (Hosseini, 
Ivanov, & Dolgui, 2019; Torabi, Baghersad, & Mansouri, 2015). One 
way to increase supply chain resilience is to order from multi-supplier 
(Hosseini et al., 2019). So we consider the enterprise orders from 
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multi-supplier in this paper. The reasons for ordering from multi- 
supplier are as follows. First of all, supply disruption of products can 
cause great reputation loss and certain economic punishment to the 
enterprise. And the orders from multi-supplier can effectively avoid the 
occurrence of disruption. Moreover, if the enterprise cooperates with 
only one supplier, the enterprise must strengthen the supervision on this 
supplier to ensure the competitiveness of the supplier’s products, which 
will increase the extra ordering cost of the enterprise. As a result, single 
order channel can easily lead to a monopoly, which may enhance the 
price of products. If the enterprise cooperates with multi-supplier, the 
monopoly phenomenon can be avoided and there is healthy competition 
among suppliers. Then the increase of product price and the decrease of 
product quality can be avoided. Therefore, it is necessary to consider 
orders from multi-supplier. 

In recent years, a series of concepts such as “low carbon economy” 
and “low carbon development” have become the discussion focus in 
society. With the increasing emission of carbon pollutants in the world, 
the European Union and the United Nations have formulated a corre-
sponding policy-carbon trading mechanism to control carbon emissions 
(UNFCCC, 1997). Under a series of carbon emission policies, a firm is 
required to reconstruct its optimal decisions in inventory management 
to reduce carbon emissions (Mishra, Wu, & Sarkar, 2021). The carbon 
emissions in the inventory problem come from transportation and 
storage (Hovelaque & Bironneau, 2015; Hua, Cheng, & Wang, 2009). 
The carbon emissions in storage mainly result from the electricity con-
sumption of equipment in the warehouse (e.g. air conditioners). The 
carbon emissions in transportation are mainly due to the fuel con-
sumption of vehicles. The fuel consumption rate is not constant, which is 
often affected by many factors, such as weather conditions, road con-
ditions, load weight, and vehicle speed (Mohammadi, Torabi, & 
Tavakkoli-Moghaddam, 2014; Tajik, Tavakkoli-Moghaddam, Vahdani, 
& Mousavi, 2014; Yin, Chen, Song, & Liu, 2019). Therefore, the unit 
carbon emission in transportation is uncertain. Accordingly, unlike the 
existing literature, in which the unit carbon emission in transportation is 
assumed to be a certain parameter, this paper studies the inventory 
problem by considering the unit carbon emission in transportation as an 
uncertain parameter. 

The market demand is often an uncertain parameter, which is diffi-
cult to be predicted in practice (Alinovi, Bottani, & Montanari, 2012; 
Mutha, Bansal, & Guide, 2016). Uncertain demand usually leads to an 
imperfect match between supply and demand, which results in surplus 
or shortage of inventory about components and parts (Song, Tang, Zhao, 
& Zhang, 2021). In this case, if the cost is calculated according to the 
deterministic market demand, there will be a huge error between the 
budget cost and the actual cost. This is a main limitation of the tradi-
tional inventory model. What’s more, for uncertain market demand, the 
inventory manager may have no (or insufficient) data to evaluate its 
distribution in many cases. Therefore, how to optimize inventory under 
uncertain market demand is a critical issue to be solved for inventory 
manager, where the distribution information of uncertain parameter is 
unknown. The recently popular robust optimization (RO) method can be 
used to solve this problem. Soyster (1973) provided the first study in the 
RO method. His idea is to obtain an optimal solution that retains feasi-
bility for all possible realizations of uncertain parameters within pre-
scribed interval uncertainty set. In recent years, the RO method has been 
continuously developed and widely applied in various fields, such as 
vehicle routing problem, portfolio problem and humanitarian relief 
problem. In this paper, we use the RO method to optimize inventory 
problem with uncertain market demand and uncertain unit carbon 
emission in transportation. 

The above considerations motivate us to propose a robust multi- 
supplier multi-period inventory model with uncertain market demand 
and uncertain unit carbon emission in transportation. The model is to 
determine the optimal order quantity in each period under the condi-
tions of multi-supplier, uncertain demand, and uncertain unit carbon 
emission. The objective of our model is to minimize the total cost 

(including order cost, holding cost/penalty cost, environmental cost). 
Our main contributions can be summarized as follows:  

• Firstly, this paper studies the orders from multi-supplier from a new 
viewpoint. We take product quality, ordering cost, service level, and 
emergency capacity as four evaluation criteria, employ analytic hi-
erarchy process (AHP) technique to comprehensively evaluate the 
order weight of each supplier according to the corresponding score.  

• Secondly, we help manager make decisions under uncertain demand 
and uncertain unit carbon emission in transportation. We charac-
terize these two uncertain parameters in two different uncertainty 
sets. To the best of our knowledge, this work is the first time that the 
unit carbon emission is modeled as an uncertain parameter in in-
ventory management problem.  

• Thirdly, based on the uncertain market demand and uncertain unit 
carbon emission in transportation, we propose a new robust multi- 
supplier multi-period inventory model. We transform the robust 
model into a mixed-integer second-order cone-programming model, 
which can be solved by general commercial software.  

• Finally, we provide a case study about Apple’s DHL warehouse in 
Shanghai to test the effectiveness of our model. The experimental 
results show that our optimization method is not only feasible but 
can offer a robust solution to immunize the influence of the 
uncertainties. 

The rest of this paper is organized as follows. Section 2 briefly re-
views some related literature. Section 3 gives the problem statement in 
detail and presents a robust multi-supplier multi-period inventory 
model. Section 4 analyzes the proposed model, determines the order 
weight of each supplier and constructs the uncertainty sets. In Section 5, 
a case study about Apple’s DHL warehouse is provided to demonstrate 
the effectiveness of the robust multi-supplier multi-period inventory 
model. Conclusion and future research are given in Section 6. 

2. Literature review 

This section presents the literature review and shows the research 
gaps of the existing studies on multi-period inventory management. We 
limit our literature review on the following issues: multi-supplier, un-
certain demand, and environmental issue. 

For inventory management, there is some literature that orders come 
from multi-supplier. Dada, Petruzzi, and Schwarz (2007) studied single 
period newsvendor problem, where multi-supplier is divided into two 
types: reliable and unreliable. They developed a single-product, multi- 
supplier newsvendor model under both demand and supply uncertainty 
and captured key factors for vendor-selection. Silbermayr and Minner 
(2014) assumed the orders can come from a set of potential suppliers, 
and investigated the trade-off between single and multiple suppliers, as 
well as keeping inventory and having a back-up supplier. Their results 
illustrated that ordering from multi-supplier can save cost compared 
with single-supplier. In terms of supplier selection, Karsak and Dursun 
(2015) presented an integrated fuzzy multi-criteria decision making 
(MCDM) approach to evaluate and select suppliers. They established 
relevant supplier evaluation criteria while considering the impacts of 
inner dependence among them to evaluate and select suppliers. Wang, 
Zhang, Chong, and Wang (2017) proposed a supplier selection frame-
work, which works by integrating building information modeling and a 
geographic information system in the resilient supply chain. They 
combined the analytic hierarchy process (AHP) and grey correlation 
analysis (GCA) to evaluate each supplier’s performance through 
comprehensive analysis of seventeen resilient criteria, and rank every 
supplier. Jadidi, Jaber, Zolfaghri, Pinto, and Firouzi (2021) studied the 
dynamic price and lot size problem of a newsvendor over multi-supplier, 
multi-period, and random demand. Their orders come from multi- 
supplier. Each supplier has limited supply capacity and offers all-unit 
discounts in each order period. A mixed-integer nonlinear 
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programming problem was proposed to find the optimum retail price 
and order quantities from the suppliers in each period. 

At present, most of the relevant literature on the inventory problem 
under uncertain conditions focuses on uncertain demand, including Liao 
and Deng (2018), Guo, Tian, and Liu (2017), Song, Ran, and Shang 
(2017), Wei, Li, and Cai (2011), Bertsimas and Thiele (2006) and 
Thorsen and Yao (2017). Stochastic optimization (SO) method and fuzzy 
optimization (FO) method are often used to solve the inventory problem 
under uncertain conditions. Song et al. (2017) and Liao and Deng (2018) 
studied the inventory problem, took the uncertain market demand as a 
random variable, and developed a stochastic inventory model, respec-
tively. Guo et al. (2017) took the uncertain market demand as a trian-
gular fuzzy variable, then transformed the fuzzy inventory model into a 
deterministic inventory model. In the study of Li and Liu (2019), the 
demand was assumed to be triangular, trapezoidal and Erlang fuzzy 
variable, respectively, three classes of fuzzy multi-item inventory opti-
mization models were built. They used a risk-averse fuzzy optimization 
method to solve the multi-item inventory problem. Li, Fang, and Baykal- 
Gürsoy (2021) studied an inventory management problem with a 
financially constrained retailer under constantly updated demand. The 
demand was assumed to be stochastic. The initial demand information 
was updated by using a Bayesian approach. They investigated the ex-
istence and uniqueness of the optimal inventory/financing solution 
jointly and gave two ordering strategies. However, SO method requires 
that the probability distribution of uncertain parameter is known 
accurately. It usually needs a large amount of data to estimate the 
deterministic probability distribution of random variable. While, in 
practice, it is difficult for decision makers to estimate the true distri-
bution (Prékopa, 2013). FO method requires decision makers to obtain 
the fuzzy membership function of uncertain parameter according to 
their personal experience, which often has great subjectivity. Robust 
optimization (RO) method is an attractive method for dealing with 
models with uncertain parameters, which has emerged recently and has 
been applied to solve inventory problems. Bertsimas and Thiele (2006) 
studied inventory problem, took into account the uncertain demand 
without assuming a specific distribution, and used the RO method to 
solve the inventory problem under uncertain demand. Guo and Liu 
(2018) dealt with the single-period inventory model, and considered the 
uncertain market demand as an uncertain parameter. They applied 
distributionally robust optimization (DRO) method to solve it, and 
compared the DRO model with the fuzzy optimization model to verify 
the feasibility of the DRO model. There is less literature that simulta-
neously considers uncertain demand and other uncertain conditions. 
Wei et al. (2011) studied inventory and re-manufacturing production 
planning problem, considered simultaneously uncertain market demand 
and uncertain product returns, and applied the RO method to deal with 
the uncertainty. Thorsen and Yao (2017) took both the order lead time 
and market demand as uncertain parameters and established a robust 
inventory model based on budget uncertainty set and central limit 
theorem-based uncertainty set. 

Under the call of green management, more and more scholars take 
environmental issue into account in their inventory problem. Tiwari, 
Daryanto, and Wee (2018), Tao and Tang (2015) and Liao and Deng 
(2018) studied inventory management where the total carbon emissions 
consist of two parts: carbon emissions in transportation and that in 
storage. They added the cost of carbon emissions to the total cost, and 
further looked for the best ordering strategy. Hovelaque and Bironneau 
(2015) proposed a novel EOQ model, which took into account the link 
between inventory policy, total carbon emissions, and both price and 
dependent demands. Their experiments illustrated that environmental 
strategy is more significant for cheaper and green-labeled products. 
Bozorgi (2016) studied multi-product inventory models with carbon 
emissions, which mainly result from transportation and storage, and 
took the total carbon emissions as a target function to be minimized. 
When Li and Hai (2019) studied the inventory management problem 
with one warehouse multi-retailer, they considered the carbon 

emissions from the holding and replenishing inventory activities in the 
system. Huang, Fang, and Lin (2020) proposed an integrated inventory 
model for a two-echelon supply chain regarding the limited total carbon 
emissions, carbon taxation, and cap-and-trade to minimize the total cost 
(including the cost of green investment). In their model, the carbon 
emissions come from the processes of production, delivery, and storage. 
Gao, Chen, Tang, and Zhang (2020) developed a multi-period, multi-raw 
material periodic-review inventory management model under carbon 
emission constraint. Their objective is to minimize the total cost 
(including carbon cost). They considered that the main source of carbon 
emissions is the transportation process from supplier to manufacturer. 

To identify the research gaps of the existing studies on inventory 
management problem and to clarify the innovations of this paper, we 
classify the related literature with five terms: period, supplier, uncertain 
demand, carbon emission, and optimization method in Table 1. We 
summarize the following three research gaps: (i) when studying in-
ventory management problem, the existing studies are based on deter-
ministic carbon emissions, and there is no research addressing uncertain 
carbon emissions; (ii) there is little research in which the orders come 
from multi-supplier; (iii) there are few works on the application of the 
RO method to solve inventory management problems with uncertain 
parameters. The innovations of this paper are listed below. Firstly, this 
paper is the first to study the inventory problem with both uncertain 
demand and uncertain unit carbon emission in transportation. Secondly, 
different from the majority of studies (the orders only come from single- 
supplier), the orders simultaneously come from multi-supplier in this 
paper. Thirdly, our inventory management problem with two uncertain 
parameters was formulated by the RO method. Therefore, this study 
departs significantly from previous studies and is a step forward in in-
ventory management problem. 

3. A robust multi-supplier multi-period inventory model 

3.1. Problem description 

We consider an inventory problem over a finite time horizon of T 
periods: the warehouse has an initial inventory level before the whole 
system runs. At the beginning of each period, the warehouse’s orders 
come from multi-supplier. The manager determines the total order 
quantity from suppliers. We assume the lead time of each supplier is 
equal to 0. Our objective function is to optimize the total cost, which 
includes startup cost, order cost, holding cost/shortage cost, and envi-
ronmental cost. At the end of the planning horizon, no demand occurs. 
When there are surplus products at the end of the t-th period, the 
products will be backlogged and holding cost will incur. If product 
shortage occurs in the t-th period, the order quantity qt+1 in the t + 1-th 
period will first compensate for the shortage in the t-th period and then 
meet the demand in the t + 1-th period. So, in the t + 1-th period, if the 
remaining quantity is still greater than dt+1 after qt+1 has filled the 
shortage of the t-th period, then there are residual products. The holding 
cost will occur for the residual quantity. The system will stop operating 
at period T + 1. The salvage value of the stock is assumed to be zero at 
period T + 1. The supply level of each supplier depends on its produc-
tion scale. In addition, the scales of suppliers are different, which causes 
the supply levels of suppliers to be different. We consider carbon 
constraint to our problem. The total carbon emissions include two parts: 
carbon emissions in transportation and that in product storage. 

We give notations used in our model, description of the costs and 
carbon emission constraint in the following two subsections. 

3.2. Notations 

The sets, indices, parameters, and variables used in our model are 
described below. 

Sets: 
[N]: The set of supplier, indice n ∈ [N] = {1,2,⋯,N}. 
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[T]: The set of period, indice t ∈ [T] = {1,2,⋯,T}. 
Parameters: 
sn: Distance from the n-th supplier to the warehouse. 
ϕ: Order startup cost. 
ωn: Order weight of the n-th supplier. 
γn: Maximum supply level of the n-th supplier in each period. 
dt : Uncertain demand in the t-th period. 
cn: The unit price of the product ordered from the n-th supplier. 
ch: Holding cost per unit product. 
cp: Shortage cost per unit product. 
el: The unit carbon emission of transporting unit product. 
eh: The unit carbon emission of storing unit product. 
τ: The price of per unit carbon emission. 
Ecap: Carbon cap (upper bound on carbon emissions). 
M: Maximum inventory level. 
α,β,ψ : Weight factors. 
wt: Inventory level at the beginning of the t-th period. 
Decision variables: 
xt: Binary variables, xt = 1 if order occurs in the t-th period, 

0 otherwise. 
qt: Order quantity during the t-th period. 

3.3. Model formulation 

The warehouse orders from N suppliers. The order weight of the n-th 
supplier is ωn. So for T periods, the total order cost is 

∑T

t=1

[

ϕxt +
∑N

n=1
cnqtωn

]

.

At the end of the t-th period, if there are surplus products, they will 
be backlogged, and holding cost will occur. If there is a shortage of 
products in the t-th period, the shortage cost will incur, and the quantity 
of shortage in the t-th period will be compensated in the t + 1-th period. 
Therefore, the inventory balance constraints is 

wt+1 = w1 +
∑t

i=1

(

qi − di

)

, ∀t ∈

[

T

]

.

In each period, the holding cost and shortage cost don’t occur 
simultaneously. The holding cost corresponds to the cost associated with 
having excess inventory (i.e. w1 +

∑t
i=1(qi − di)⩾0) at the end of the t-th 

period. The shortage cost corresponds to the cost associated with having 
unfilled demand (i.e. w1 +

∑t
i=1(qi − di)⩽0) at the end of the t-th period. 

So, the holding/shortage cost in the t-th period can be expressed as 
max{chwt+1, − cpwt+1}. The total holding cost/shortage cost can be 
expressed as 

∑T

t=1
max

{

chwt+1, − cpwt+1

}

.

The total carbon emissions include two parts: carbon emissions in 
transportation and that in storage. Carbon emissions in transportation 
are produced during vehicle transportation from multi-supplier to 
warehouse. Here, we adopt unified vehicles to transport the products. At 
the end of the t-th period, if there are surplus products, they will be 
stored. The storage system produces carbon emissions. Fig. 1 shows the 
sources of carbon emissions. Therefore, the total carbon emissions is 

Table 1 
A review on relevant works in the literature.  

Reference Period Supplier Demand Carbon emission Optimization method  

Single Multiple Single Multiple Certain Uncertain Certain Uncertain Stochastic Fuzzy Robust  

Bertsimas and Thiele (2006)  √  √    √      √   
Wei et al. (2011)  √  √    √      √   
Taleizadeh et al. (2011) √   √    √     √    
Silbermayr and Minner (2014)  √   √   √        
Guo et al. (2017) √   √    √     √    
Thorsen and Yao (2017)  √  √    √      √   

Liao and Deng (2018) √   √    √  √   √     
Tiwari et al. (2018)  √  √   √   √       
Guo and Liu (2018) √   √    √     √  √   

Song et al. (2017)  √  √    √    √     
Li and Hai (2019)  √  √   √   √       
Li and Liu (2019) √   √    √     √    

Huang et al. (2020)  √  √   √   √       
Gao et al. (2020)  √  √   √   √   √     
Jadidi et al. (2021)  √   √   √    √     

Li et al. (2021) √   √    √    √     
This research  √   √   √   √    √    

Fig. 1. The sources of carbon emissions.  
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∑T

t=1

[
∑N

n=1
elsnωnqt + max

{

ehwt+1, 0

}]

.

Based on carbon trading mechanism, the whole system has a carbon 
emission quota, and the company can sell the remaining carbon emis-
sions in the carbon trading market if the total carbon emissions of the 
system are less than the quota. In contrast, if the total carbon emissions 
are greater than the quota, the company needs to buy additional carbon 
emissions from the carbon trading market. We use E− to represent the 
amount of carbon to be sold in the carbon trading market, and E+ to 
represent the amount of carbon to be bought in the carbon trading 
market. Therefore, the carbon emission constraint is such a “soft” 
constraint: 

∑T

t=1

[
∑N

n=1
elsnωnqt + max

{

ehwt+1, 0

}]

+E− ⩽Ecap +E+.

The price of unit carbon emission is τ. We define the cost of buying or 
selling carbon emissions as an environmental cost in the carbon trading 
market. The environmental cost can be expressed as 

τ(E+ − E− ).

3.4. Modified multi-supplier multi-period inventory model 

In the previous section, we introduce order cost, holding cost/ 
shortage cost, environmental cost, and carbon emission constraint. 
Based on these, we present a modified multi-supplier multi-period in-
ventory model, which is as follows:   

wt+1 = w1 +
∑t

i=1

(

qi − di

)

, ∀t ∈

[

T

]

, (2)  

wt+1⩽M, ∀t ∈ [T], (3)  

0⩽ωnqt⩽γnxt, xt ∈ {0, 1}, ∀n ∈ [N], ∀t ∈ [T]. (4) 

In model (A), α,β, and ψ are the weight factors corresponding to the 
above three parts of cost. Decision maker can control the effect of each 
part by adjusting α,β, and ψ . For example, decision maker can show how 
much he values the environment by adjusting ψ . Larger ψ means that 
decision maker pays more attention to the environmental effects. The 
objective function is the weighted sum of the above three parts of cost. 
Constraint (1) denotes the “soft” constraint about the total carbon 
emissions. Constraint (2) represents the inventory transfer equations. 
Constraint (3) indicates that the remaining inventory in each period 
should not exceed the maximum inventory level M. Constraint (4) means 
that if an order occurs in the t-th period, then the order quantity from 
each supplier in each period should not exceed the upper limit γn. 

Remark 1. If the orders only come from single-supplier, the carbon 
emissions are not considered, and the weight factors α,β, and ψ are equal 
to 1, then model (A) degenerates into the following model: 

min
qt

∑T

t=1

{
cqt + ϕxt + max

{
chwt+1, − cpwt+1

}}

s.t. wt+1 = w0 +
∑t

i=1

(

qi − di

)

, ∀t ∈

[

T

]

,

wt+1⩽M, ∀t ∈ [T],
0⩽qt⩽γxt, xt ∈ {0, 1}, ∀t ∈ [T],

where c is the unit price of product. The objective is to minimize the total 
cost, which is composed of the order startup cost, order cost, and 
holding/shortage cost. The first constraint is the inventory transfer 
equations. The second constraint denotes that the remaining product 
inventory in each period should not exceed inventory capacity M. The 
third constraint means that if an order occurs in the t-th period, then the 
order quantity should not exceed γ. This model corresponds to the ca-
pacitated inventory model of Bertsimas and Thiele (2006). Model (A) 
is nonlinear because of the max function in the objective and constraint. 
We introduce epigraph auxiliary variables yt = max{chwt+1, − cpwt+1}

and zt = max{ehwt+1,0} to linearize it. Correspondingly, model (A) is 
equivalent to the following linear programming: 

(

B

)

: min
qt

α
∑T

t=1

[

ϕxt +
∑N

n=1
cnqtωn

]

+ β
∑T

t=1
yt + ψ [τ(E+ − E− )]

s.t.
∑T

t=1

[
∑N

n=1
elsnωnqt + zt

]

+ E− ⩽Ecap + E+,

(5)  

yt⩾chwt+1, ∀t ∈ [T], (6)  

yt⩾ − cpwt+1, ∀t ∈
[
T
]
, (7)  

zt⩾ehwt+1, ∀t ∈ [T], (8)  

zt⩾0, ∀t ∈ [T], (9)  

Constraints(2) − (4).

3.5. Robust multi-supplier multi-period inventory model 

In reality, the demand is often influenced by many factors, such as 
the price of complementary products. Consequently, it is uncertain in 
many cases. In addition, carbon emissions in transportation come from 
fuel consumption. The unit fuel consumption of transportation vehicles 
is not a constant, and is often affected by many factors, such as weather 
conditions, road conditions, load weight, vehicle speed. So, the unit 
carbon emission in transportation is also uncertain. Here, we simulta-
neously consider the uncertain market demand and uncertain unit 

(

A

)

: min
qt

α
∑T

t=1

[

ϕxt +
∑N

n=1
cnqtωn

]

+ β
∑T

t=1
max

{

chwt+1, − cpwt+1

}

+ ψ [τ(E+ − E− )]

s.t.
∑T

t=1

[
∑N

n=1
elsnωnqt + max

{

ehwt+1, 0

}]

+ E− ⩽Ecap + E+,

(1)   
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carbon emission in transportation. 
For uncertain demand d = (dt)t∈[T] and the uncertain unit carbon 

emission el in transportation, we only know that d ∈ Ψ,el ∈ Θ, where Θ 
and Ψ are following uncertainty sets: 

Θ =

{

el|el = el
0 +

∑K

k=1
ξkel

k, ξ ∈ 𝒵1

}

, (10)  

Ψ =
{

d|dt = d0
t + ζtd̃t, ∀t ∈

[
T
]
, ζ ∈ 𝒵2

}
. (11) 

In the above uncertainty sets, d0
t and el

0 denote the nominal values, ̃dt 

and el
k are basic shifts, ξ = (ξ1, ξ2,⋯, ξK) and ζ = (ζ1, ζ2,⋯, ζT) are 

perturbation vectors, 𝒵1 and 𝒵2 are perturbation sets of ξ and ζ 
respectively. 

Based on Ψ and Θ, the robust multi-supplier multi-period inventory 
model is formulated as follows: 
(

C

)

: min
qt

α
∑T

t=1

[

ϕxt +
∑N

n=1
cnqtωn

]

+ β
∑T

t=1
yt + ψ [τ(E+ − E− )]

s.t.
∑T

t=1

[
∑N

n=1
elsnωnqt + zt

]

+ E− ⩽Ecap + E+, ∀el ∈ Θ,

(12)  

yt⩾ch

(

w1 +
∑t

i=1
(qi − di)

)

,∀d ∈ Ψ,∀t ∈ [T], (13)  

yt⩾ − cp

(

w1 +
∑t

i=1
(qi − di)

)

, ∀d ∈ Ψ,∀t ∈ [T], (14)  

zt⩾eh

(

w1 +
∑t

i=1
(qi − di)

)

,∀d ∈ Ψ,∀t ∈ [T], (15)  

w1 +
∑t

i=1

(

qi − di

)

⩽M, ∀d ∈ Ψ,∀t ∈

[

T

]

, (16)  

Constraints(4)and(9).

In model (C), the number of decision variables is finite. But the 
number of constraints is infinite because d and el are uncertain param-
eters. Therefore, model (C) is a semi-infinite programming model, which 
is not easy to solve directly. In the next section, we determine weights 
ωn, and transform model (C) into a computable form. 

4. Model analysis 

In this section, we determine the order weight of each supplier and 
transform the semi-infinite constraints into their tractable form. 

4.1. Determining order weight of supplier 

The order weight of each supplier directly influences the total cost 
and the order quantity. In this subsection, we use the Analytic Hierarchy 
Process (AHP) technique to comprehensively evaluate each supplier, 
and calculate the order weight according to the corresponding score. 

AHP takes the multi-criteria decision problem as a system and makes 
decisions according to the mode of decomposition, comparative judg-
ment and synthesis. Deshmukh and Chaudhari (2011) summarized and 
reviewed the supplier evaluation criteria and methods. They pointed out 
that AHP is a modern multi-criteria decision making method, which 
structures the problem in the form of a hierarchy. Through AHP, all 
criteria are fairly compared to further determine the relative weight of 
each supplier. In this paper, we analyze and evaluate each supplier 
based on four criteria: product quality (Pq), ordering cost (Oc), service 
level (Sl), and emergency capacity (Ec). The process of applying AHP to 
evaluate each supplier can be divided into the following 5 steps. 

Firstly, according to the above four criteria, we establish a hierar-
chical structure of supplier evaluation, which is divided into three 

Fig. 2. The hierarchical structure of supplier evaluation.  

Table 2 
A standard nine-point scale.  

The scale Meaning (i factor compared to j) 

1 i is equally important as j 
3 i is moderately more important than j 
5 i is strongly more important than j 
7 i is demonstrated more important than j 
9 i is extremely more important than j 

2,4,6,8  Intermediate values 
bji  When j is compared to i (bji = 1/bij)   

Table 3 
The form of judgment matrix about criteria.   

Pq Oc Sl Ec 

Pq S111  S112  S113  S114  

Oc S121  S122  S123  S124  

Sl S131  S132  S133  S134  

Ec S141  S142  S143  S144   

Table 4 
The form of supplier’s judgment matrix about Pq.  

Pq Supplier-1 Supplier-2 ⋯  Supplier-n 

Supplier-1 S211  S212  ⋯  S214  

Supplier-2 S221  S222  ⋯  S224  

⋯  ⋯  ⋯  ⋯  ⋯  
Supplier-n S241  S242  ⋯  S2nn   
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layers: objective layer, criteria layer, and plan layer. The corresponding 
hierarchical structure is shown in Fig. 2. 

Secondly, according to Table 2 (Thomas & Doherty, 1980), the 
judgment matrix of criteria is established by comparing the importance 
of each criterion. The form of judgment matrix is shown in Table 3, 
where the element S1ij is determined by Table 2. 

Thirdly, according to Table 2, we also establish the judgment 
matrices of suppliers by comparing suppliers in the following four 
criteria: Pq, Oc, Sl and Ec. The form of judgment matrix about Pq is 
shown in Table 4, where S2ij is also determined by Table 2. The judg-
ment matrices of suppliers about the other three criteria are similar to 
Table 4. 

Fourthly, after the judgment matrices are obtained, we calculate the 
eigenvalue of each judgment matrix and the consistency index CI, find 
the corresponding standard random consistency index RI, then calculate 
the consistency ratio CR. Table 5 shows the standard random consis-
tency index RI. If CR⩽0.1, this judgment matrix is accepted. Otherwise, 
this judgment matrix needs to be adjusted. The formulas for CI and CR 
are as follows: 

CI =
λmax − n

n − 1
,

CR =
CI
RI

.

Finally, when all judgment matrices pass the consistency test, we 
calculate the weights of criteria and suppliers. The formulas for the 
weights of criteria are 

WPq =
1
4
∑4

j=1

S11j

∑4

m=1
S1mj

,

WOc =
1
4
∑4

j=1

S11j

∑4

m=1
S1mj

,

WSl =
1
4
∑4

j=1

S11j

∑4

m=1
S1mj

,

WEc =
1
4
∑4

j=1

S11j

∑4

m=1
S1mj

.

The formula for the weight of the n-th supplier about Pq is 

WnPq =
1
N
∑N

j=1

S2nj

∑N

m=1
S2mj

.

Similarly, WnOc,WnSl and WnEc are calculated. 
Next, we need to fill in the final weight matrices with WPq,WOc,WSl,

WEc,WnPq,WnOc,WnSl and WnEc. The final weight matrix is shown in 
Table 6. 

According to Table 6, we obtain the final order weights: 

ωn = WPq⋅WnPq +WOc⋅WnOc +WSl⋅WnSl +WEc⋅WnEc. (17) 

Now, we have introduced AHP technique and the calculating steps of 
order weight. In the next subsection, we will introduce how to transform 
the semi-infinite programming model into a computationally tractable 
form. 

4.2. Tractable form of robust multi-supplier multi-period inventory model 

Before using the RO to deal with the uncertain demand and uncertain 
unit carbon emission in transportation, we must construct suitable 
perturbation sets. In this paper, following the idea of Ben-Tal, El Ghaoui, 
and Nemirovski (2009) and Bertsimas and Sim (2004), we construct the 
following two perturbation sets: 

𝒵1 = 𝒵Budget =

{

ξ ∈ RK : − 1⩽ξk⩽1,
∑K

k=1
ξk⩽Γ, ∀k⩽K

}

, (18)  

𝒵2 = 𝒵Box+Ball =

{

ζ ∈ RT : − 1⩽ζi ≤ 1,

̅̅̅̅̅̅̅̅̅̅̅̅
∑t

i=1
ζ2

i

√

⩽Ωt, i⩽t, t⩽T

}

. (19)  

To transform the semi-infinite constraints (12)–(16), we provide the 
following two theorems. 

Theorem 1. Based on perturbation set 𝒵Budget, the robust counterpart of 
semi-infinite constraint (12) can be represented by the following system of 
constraints in variables λ,w and q, respectively. 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

∑K

k=1
|λk| + Γmax

k
|wk| + el

0

∑T

t=1

(
∑N

n=1
snωnqt + zt

)

+ E− ⩽Ecap + E+,

λk + wk = el
k

∑N

n=1
snωnqt, ∀k ∈ [K].

(20)   

Proof 1. The proof of Theorem 1 is in Appendix A. □ 

Theorem 2. Based on perturbation set 𝒵Box+Ball, the robust counterparts of 
semi-infinite constraints (13)-(16) can be represented by the following sys-
tems of constraints in variables δ, η and q, respectively. 
⎧
⎪⎪⎨

⎪⎪⎩

chw1 − ch

∑t

i=1

(
d0

i − qi −
⃒
⃒δ1t,i

⃒
⃒
)
+ chΩt

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑t

i=1

(
η1t,i
)2

√

⩽yt, ∀t ∈

[

T

]

,

δ1t,i + η1t,i = d̃i, ∀t ∈
[
T
]
, i ∈

[
t
]
,

(21)  

⎧
⎪⎪⎨

⎪⎪⎩

− cpw1 + cp

∑t

i=1

(
d0

i − qi +
⃒
⃒δ2t,i

⃒
⃒
)
+ cpΩt

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑t

i=1

(
η2t,i

)2

√

⩽yt, ∀t ∈

[

T

]

,

δ2t,i + η2t,i = d̃i, ∀t ∈
[
T
]
, i ∈

[
t
]
,

(22)  

Table 5 
Standard random consistency index RI.  

n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

RI 0 0 0.52 0.89 1.12 1.26 1.35 1.41 1.46 1.49 1.52 1.54 1.56 1.58 1.59  

Table 6 
The weight matrix.   

Weight Supplier-1 Supplier-2 ⋯  Supplier-n 

Pq WPq  W1Pq  W2Pq  ⋯  WnPq  

Oc WOc  W1Oc  W2Oc  ⋯  WnOc  

Sl WSl  W1Sl  W2Sl  ⋯  WnSl  

Ec WEc  W1Ec  W2Ec  ⋯  WnEc   
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⎧
⎪⎪⎨

⎪⎪⎩

ehw1 − eh

∑t

i=1

(
d0

i − qi −
⃒
⃒δ3t,i

⃒
⃒
)
+ ehΩt

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑t

i=1

(
η3t,i

)2

√

⩽zt, ∀t ∈

[

T

]

,

δ3t,i + η3t,i = d̃i, ∀t ∈
[
T
]
, i ∈

[
t
]
,

(23)  

⎧
⎪⎪⎨

⎪⎪⎩

w1 −
∑t

i=a

(
d0

i − qi −
⃒
⃒δ4t,i

⃒
⃒
)
+ Ωt

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑t

i=1

(
η4t,i

)2

√

⩽M, ∀t ∈ [T],

δ4t,i + η4t,i = d̃i, ∀t ∈ [T], i ∈ [t].

(24)   

Proof 2. The proof of Theorem 2 is in Appendix B. □ 

Therefore, based on Theorems 1 and 2, the robust inventory model 
(C) is equivalent to the following model: 
(

D

)

: min
μ

α
∑T

t=1

[

ϕxt +
∑N

n=1
cnqtωn

]

+ β
∑T

t=1
yt + ψ [τ(E+ − E− )]

s.t. Constraints (4), (9), and (20) − (24),

where μ = (q,y, z,λ,w,δ,η), q = (qt)t∈[T], y = (yt)t∈[T], z = (zt)t∈[T], λ =

(λk)k∈[K], w = (wk)k∈[K], δ = (δ1ti, δ2ti, δ3ti, δ4ti)t∈[T],i∈[t], and η =

(η1ti, η2ti, η3ti, η4ti)t∈[T],i∈[t]. 

Remark 2. In model (D), the constraints (21)–(24) are second-order 
cone constraints, and the variables xt are binary. Hence, model (D) is 
a mixed-integer second-order cone-programming (MISOCP), which is an 
SOCP problem with integrality constraints on some variables (Miyashiro 
& Takano, 2015). The SOCP, linear programming (LP), conic quadratic 
programming (CQP) and semi-definite optimization programming (SDP) 
are computationally tractable conic programming (Alizadeh & Goldfarb, 
2003; Ben-Tal et al., 2009). LP can be solved by the simplex method, and 
SOCP, CQP, and SDP can be solved by the interior point method. The 
standard way to solve the MISOCP problem is by applying a branch-and- 
bound procedure that solves an SOCP problem at each node. Such 
branch-and-bound algorithms have been implemented in some com-
mercial solvers such as the state-of-the-art CPLEX solver (Dinler, Tural, 
& Iyigun, 2015). In the next section for case study, the optimal decisions 
are provided by CPLEX solver. 

In this section, we have determined the order weight of each supplier 
through AHP technique, and transformed the robust inventory model 
into the computable model (D). In the next section, we will carry out 
numerical experiments to verify the feasibility of our robust multi- 

supplier multi-period inventory model. . 

5. A case study 

In this section, we conduct numerical experiments in the following 
four aspects. Firstly, the validity of our proposed inventory model is 
verified by comparing the proposed robust model with its nominal 
model. Secondly, the optimal decision under multi-supplier is compared 
with that under single-supplier in terms of the optimal order quantity 
and optimal cost. Thirdly, sensitivity analysis about carbon cap, the 
price of per unit carbon emission, and weight factors are performed. 
Finally, several managerial insights are given to the manager. All nu-
merical experiments are solved by the CPLEX 12.8.0 optimization soft-
ware on an Inter(R) Core(TM) i7-6500U 2.50 GHz personal computer 
with 8 GB RAM operating under Windows 10 (64bit). 

5.1. Problem background and data description 

As far as we know, there are 18 Apple assembly plants in the world. 
14 of these plants are located in China, such as Foxconn, Pegatron, 
Wistron and BYD. Most of the world’s iPhones are assembled in China. In 
our numerical experiments, for the inventory management problem of 
iPhone11, we take Foxconn, Pegatron and Wistron as three iPhone 
suppliers. After all the iPhone 11 phones are assembled at Foxconn, 
Pegatron and Wistron, they will enter the local tax process. If these 
iPhone11 are sold abroad, they will be taxed for export. Otherwise, these 
iPhone11 are sold domestically. They are taxed for domestic sales. Then 
these iPhone11 will be shipped to the DHL Shanghai warehouse (Apple’s 
logistics supplier). DHL Shanghai warehouse will deliver these iPhone11 
to sub-warehouses in China. Among the three suppliers, Foxconn is the 
largest, Pegatron the second, and Wistron the smallest in terms of en-
terprise size and production lines. However, Foxconn is the furthest 
away from the DHL warehouse compared with Pegatron and Wistron. 
The sales process of iPhone11 in China is shown in Fig. 3. 

From https://www.taosj.com and http://hangye.manmanbuy.com, we 
obtain the sales amount of iPhone11 sold from Suning(an e-commerce 

Fig. 3. The sales process of iPhone11 in the mainland of China.  

Table 7 
The judgment matrix of evaluation criteria.   

Pq Oc Sl Ec 

Pq 1 3 4 6 
Oc 1/3 1 3 4 
Sl 1/4 1/3 1 3 
Ec 1/6 1/4 1/3 1  
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platform) in each month from January to June in 2020. We take the six 
sales amounts as the nominal demand values of the DHL warehouse, that is 

D0 = {d0
t }

6
t=1={54729, 68303, 72733, 60533, 77470, 145106}. We as-

sume d̃t is 5% of the nominal value. Referring to Mohammed, Selim, 
Hassan, and Syed (2017), in this paper, we consider that the transport 
vehicles are all the same type of mid-size trucks, and el

0 = 0.1008 × 10− 3 g, 
which is the nominal value of the unit carbon emission in transportation. 
We assume el

k is 5% of the nominal value. The distances of three suppliers 
to the DHL warehouse are 954 km, 94 km, and 94 km, respectively, which 
are obtained by Baidu Maps. A fully packaged iPhone11 weighs about 400 
g. The unit carbon emission from storing product is eh = 0.5 g. We set 
carbon cap Ecap = 25000 g and unit price of carbon emission τ = 2.5. We 
assume that the unit price of product is inversely proportional to the order 
quantity. According to the order weight of each supplier (ω1 = 0.6,ω2 =

0.25,ω3 = 0.15, the calculation process of the weights is shown in the next 
subsection), we let c1 = 6.54, c2 = 6.7, c3 = 6.8, ch = 4 and cp = 12. 
According to the production size of each supplier, we let γ1 = 130000,
γ2 = 120000, and γ3 = 110000 in each period. The initial inventory is 
w1 = M = 15000. Without loss of generality, we first set weight factors α,
β, and ψ are equal to 1. 

5.2. Determining the weight of supplier 

Comprehensively considering the product quality, ordering cost, 
service level, and emergency capacity of Foxconn, Pegatron and Wis-
tron, we have the judgment matrices in Tables 7–11, which pass the 
consistency test. Now, we can calculate the weights of criteria and 
suppliers about each criterion. The final weight matrix is got (See 
Table 12). 

According to the final weight matrix and weight calculation formula 
(17), we obtain the corresponding order weights of the three suppliers: 
0.6,0.25, and 0.15. 

5.3. Computational results 

Model (B) based on multi-supplier, deterministic demand, and 
deterministic unit carbon emission in transportation is called the nom-
inal model. We separately calculate the optimal order quantities pro-
vided by the nominal model and robust model of each period. The 
optimal order quantities are shown in Fig. 4. 

From Fig. 4, we can observe that there are some differences between 

the two models in terms of the optimal order quantity. The order 
quantity provided by the robust model is larger than that of the nominal 
model in each period. In addition, by calculation, the total cost of the 
robust model is 3840510.37, and the total cost of the nominal model is 
3109188.72. The former is higher than the latter and the excess is used 
for robust solution to immunize the influence of the uncertainties. 

5.4. The price of robustness 

To further compare the nominal model and the robust model, we 
define the price of robustness(PR) as follows: 

PR =
Robust* − Nominal*

Nominal*
× 100%,

where (⋅)* represents the optimal cost. 
In fact, PR represents the price that the robust solution resists un-

certainty. After calculation, the price is PR = 23.5%. It means that the 
cost of the robust solution increases only 23.5% compared with the 
nominal solution. That is to say the robust solution can resist uncertainty 
at a small price. 

5.5. Multi-supplier VS. single-supplier 

Now, we compare the total costs in the two cases of single-supplier 
ordering way and multi-supplier ordering way. It is assumed that all 
orders come from Foxconn, Pegatron and Wistron, respectively. The 
fluctuation values of demands are 5% of these nominal values. If all 
orders of iPhone11 are completed by Foxconn in Zhengzhou, then we get 
N = 1, c1 = 6.54, and s1 = 954. When all orders of iPhone11 are 
completed by Pegatron in Kunshan, we have N = 1, c2 = 6.7, and s2 =

94. If all the orders of iPhone11 are completed by Wistron in Kunshan, 
then we get N = 1,c3 = 6.8, and s3 = 94. To ensure fairness, the other 
parameters are all the same. 

The optimal order quantities and total costs for different ordering 
ways are listed in Table 13. We can find that the optimal order quantities 
are equal whether the order from multi-supplier or single-supplier in the 
first five periods. The reasons for this phenomenon are as follows: in the 
first five periods, compared to the production capacity of each supplier, 
the demands are smaller, so the order quantities are smaller. In this case, 
the orders can be fulfilled by multi-supplier or only any single-supplier. 
Therefore, the optimal order quantities are equal for different ordering 
ways in the first five periods. However, since the demand in the sixth 
period suddenly increases, a sudden increase in order quantity occurs 
correspondingly. The order quantity equals the production capacity. 
When all orders only come from Foxconn, Pegatron or Wistron, a 
shortage occurs, which brings shortage cost. It tells us that single- 
supplier is not enough to cope with emergencies such as sudden in-
crease in demand. In contrast, ordering from multi-supplier effectively 
prevents the occurrence of shortage. 

Table 8 
The judgment matrix of suppliers about Pq.  

Pq Foxconn Pegatron Wistron  

Foxconn 1 5 4  
Pegatron 1/5 1 2  
Wistron 1/4 1/2 1   

Table 9 
The judgment matrix of suppliers about Oc.  

Oc Foxconn Pegatron Wistron  

Foxconn 1 2 3  
Pegatron 1/2 1 2  
Wistron 1/3 1/2 1   

Table 10 
The judgment matrix of suppliers about Sl.  

Sl Foxconn Pegatron Wistron  

Foxconn 1 3 4  
Pegatron 1/3 1 3  
Wistron 1/4 1/3 1   

Table 11 
The judgment matrix of suppliers about Ec.  

Ec Foxconn Pegatron Wistron  

Foxconn 1 4 3  
Pegatron 1/4 1 2  
Wistron 1/3 1/2 1   

Table 12 
The final weight matrix.   

Weight Foxconn Pegatron Wistron 

Product quality 0.545 0.68 0.2 0.13 
Ordering cost 0.26 0.54 0.3 0.16 
Service level 0.125 0.61 0.27 0.12 

Emergency capacity 0.07 0.12 0.56 0.32  
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The cost of ordering from multi-supplier is 3840510.37, which is the 
smallest. In other words, ordering from multi-supplier not only doesn’t 
increase the cost, but reduces the cost. More importantly, ordering from 
multi-supplier can effectively avoid the occurrence of supply disruption, 
and induce healthy competition among suppliers at the same time. The 
comparison of the optimal cost under different ordering ways is shown 
in Fig. 5. 

To further compare the multi-supplier ordering way and single- 
supplier ordering way, we conduct some experiments based on 

another set of nominal demands D0 = {d0
t }

6
t=1={129815, 79283, 

128293, 138621, 108416, 199825}. The other parameters are un-
changed. The experimental results are listed in Table 14. We observe 
that the optimal order quantities and total costs for different ordering 
ways are different. About single-supplier ordering way, when the de-
mand exceeds production capacity, the optimal order quantity equals 
production capacity, which is unable to meet the demand. This leads to 
product shortage, which brings a high penalty cost. Nevertheless, 
ordering from multi-supplier prevents the occurrence of shortage. 
Therefore, the total cost of multi-supplier ordering way is the smallest. 
This also illustrates the superiority of the multi-supplier ordering way. 

5.6. The effects of Ecap and τ 

In this subsection, we explore the influence of the carbon cap and 
unit price of carbon emission on the total cost and environmental cost. 
First of all, let the unit price be τ = 2.5, the carbon cap be Ecap = 23000,

25000, 27000, 29000, 31000, 33000, 37000. Other parameters remain 
unchanged. The experimental results are shown in Table 15. We observe 
that the total cost and the environmental cost decreases as Ecap increases. 
This trend is consistent with the actual situation. The reason is that the 
enterprise buys fewer and fewer credits for carbon emissions in the 
carbon trading market as Ecap grows larger. When Ecap reaches 29000, 
the enterprise can even sell its remaining carbon emissions credits to 
make a profit. 

Next, let τ = 2,2.5,3,3.5,4. Other parameters remain unchanged. We 
explore how the total cost and environmental cost vary as Ecap and τ 
vary. The experimental results are shown in Figs. 6 and 7. In order to 
explain the experimental results conveniently, we call the carbon cap, 
under which the enterprise neither sells nor buys the credits for carbon 
emissions in the carbon trading market, the carbon trading threshold. It 
is denoted as EΔ. By calculation, we get EΔ = 31525 (the red line in 
Fig. 7). 

Figs. 6 and 7 show that the carbon cap and unit price of carbon 
emission affect indeed the total cost and environmental cost. When 
Ecap⩽EΔ, the total cost and environmental cost decrease as τ decreases. 
But when Ecap⩾EΔ, the total cost and environmental cost decrease as τ 
increases. That’s mainly because, when Ecap⩽EΔ, the enterprise needs to 
buy the credits for carbon emissions, and when Ecap⩾EΔ, enterprise 
doesn’t need to buy credits, even it can sell its remaining credits. 

Fig. 4. The optimal solutions of nominal model and robust model.  

Table 13 
The optimal order quantity and total cost about different ordering ways.  

Ordering way The order quantity in each period Total cost 

1 2 3 4 5 6 

Multi-supplier 40960 69697 74375 59665 73299 137283 3840510 
Foxconn 40960 69697 74375 59665 73299 130000 3886730 
Pegatron 40960 69697 74375 59665 73299 120000 3901914 
Wistron 40960 69697 74375 59665 73299 110000 3997448  
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5.7. The effects of weights α, β, and ψ 

In this subsection, to further analyze the effects of weights α,β, and ψ 
on the total cost, order cost, holding cost/shortage cost, environmental 
cost and order quantity, sensitivity analysis on weights are performed. 
For convenience, we introduce Part1, Part2, and Part3 to denote the 
order cost, holding cost/shortage cost, environmental cost, respectively. 

Part1 =
∑T

t=1

[

ϕxt +
∑N

n=1
cnqtωn

]

,

Part2 =
∑T

t=1
yt,

Part3 = τ(E+ − E− ).

Now, the total cost is the sum of Part1, Part2, and Part3. That is, 
Totalcost = Part1 + Part2 + Part3. 

Firstly, let α = 0.8, 1, 1.2, 1.4, 1.6, 1.8, 2. Other parameters remain 

unchanged. The optimal order quantities under different α are listed in 
Table 16. Total cost, Part1, Part2, and Part3 under different α are 
illustrated in Fig. 8. 

From Table 16, we see the optimal order quantity of each period is 
unchanged when α⩽1.6. Decision maker doesn’t order products in the 
sixth period when α > 1.6, which directly leads to the reductions in 
Part1 and Part3. Meanwhile, it leads to the occurrence of product 
shortage. So, Part2 increases when α changes from 1.6 to 1.8. The sum of 
the reductions in Part1 and Part3 is less than the increase in Part2. So the 
total cost increases when α changes from 1.6 to 1.8 (See Fig. 8). 

Then, let β = 0.2, 0.4, 0.6, 0.8, 1, 1.2. Other parameters remain un-
changed. The optimal order quantities under different β are listed in 
Table 17. Total cost, Part1, Part2, and Part3 under different β are drawn 
on Fig. 9. 

Table 17 implies that the decision maker doesn’t order products in 
the fifth period and sixth period when β = 0.2, and doesn’t order 
products only in the sixth period when β = 0.4. If β > 0.4, the orders 
occur in all periods, and the optimal order quantity of each period re-
mains the same. As β increases, the decision maker pays more and more 
attention to Part2, and the amount of shortage becomes smaller. 
Therefore, Total cost and Part2 decrease with β, and Part1 and Part3 
increase with β (See Fig. 9). 

Finally, let ψ = 15, 20, 25, 30.8, 32, 35, other parameters remain 
unchanged. The optimal order quantities under different ψ are listed in 
Table 18. Total cost, Part1, Part2, and Part3 under different β are 
illustrated in Fig. 10. 

Fig. 5. The comparison among the total costs of different ordering ways.  

Table 14 
The influence of nominal demands D0 on optimal order quantity and total cost.  

Ordering way The order quantity in each period Total cost 

1 2 3 4 5 6 

Multi-supplier 117736 80922 123808 131723 102427 188932 6879413 
Foxconn 117736 80922 123808 130000 104150 130000 7219725 
Pegatron 117736 82241 120000 120000 116639 120000 7399894 
Wistron 110000 89977 110000 110000 110000 110000 8429563  

Table 15 
The total cost and environmental cost under different Ecap.  

τ  Ecap  E+ E− Total cost Environmental cost 

2.5 29000 2525 0 3830510 6312 
2.5 31000 525 0 3825510 1312 
2.5 33000 0 1475 3820210 − 3688 
2.5 35000 0 3475 3815510 − 8688  
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Fig. 6. The total cost under different Ecap and τ.  

Fig. 7. The environmental cost under different Ecap and τ.  
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In Table 18, when ψ < 30.8, the order quantity in each period re-
mains the same. When ψ = 30.8, decision maker only reduces the order 
quantity in the sixth period, and keeps the order quantities in the first 
five periods unchanged. When ψ > 30.8, the decision maker doesn’t 
order products in the sixth period. In contrast to ψ < 30.8, when ψ =

30.8, the sum of reductions in Part1 and Part3 is less than the increase in 
Part2, then the total cost increases slightly. Compared with ψ = 30.8, 
when ψ > 30.8, the total cost and Part2 increase, and Part1 and Part3 
decrease. Therefore, the total cost and Part2 increase with ψ , while Part1 
and Part3 decrease with ψ (See Fig. 10). The larger ψ indicates the de-
cision maker gives high priority to the environmental impact of carbon 
emissions. 

5.8. Managerial insights 

Based on the above numerical experiments and result analysis, we 
propose the following three managerial insights:  

• The market demand and unit carbon emission in transportation are 
uncertain in reality. The decision maker shouldn’t use a model based 

on deterministic market demand and carbon emission to manage 
inventory. In addition, the optimal cost given by the robust model is 
slightly higher than that of the nominal model. That is to say, the 
robust optimal decision is resistant to the uncertainty about demand 
and carbon emission in transportation at a small price. Thus, when 
the market demand and unit carbon emission in transportation are 
uncertain and their distributions are unknown, to immunize the in-
fluence of the uncertainties, the decision maker can use our robust 
optimization model for inventory management.  

• According to the case study, the single-supplier ordering way is not 
enough to deal with some emergency circumstances, for example, 
the demand’s suddenly increase, supply disruption of single-supplier 
due to natural disasters. So, the orders only from single-supplier can 
lead to supply shortage and further bring shortage cost. By com-
parison, due to the diversity of procurement channels, the multi- 
supplier ordering way can effectively alleviate the supply shortage. 
Therefore, the decision maker should order from multi-supplier 
when there are multiple potential suppliers, and determine the 
order weight of each supplier before placing an order. 

Table 16 
The experimental results under different α.  

α  The order quantity in each period Total cost Part1 Part2 Part3 

1 2 3 4 5 6 

0.8, 1, 1.2, 1.4, 1.6 40960 69697 74375 59665 73299 137283 3840510 3043492 780706 16312 
1.8, 2 40960 69697 74375 59665 73299 0 4550478 2129816 2428103 -7440  

Fig. 8. The total cost, Part1, Part2, and Part3 under different α.  

Table 17 
The experimental results under different β.  

β  The order quantity in each period Total cost Part1 Part2 Part3 

1 2 3 4 5 6 

0.2 40960 69697 74375 59665 0 0 5806793 1639649 4187279 − 20134 
0.4 40960 69697 74375 59665 73299 0 4550478 2129816 2428103 − 7440 

0.6, 0.8, 1, 1.2 40960 69697 74375 59665 73299 137283 3840510 3043492 780706 16312  
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Fig. 9. The total cost, Part1, Part2, and Part3 under different β.  

Table 18 
The experimental results under different ψ.  

ψ  The order quantity in each period Total cost Part1 Part2 Part3 

1 2 3 4 5 6 

15, 20, 25 40960 69697 74375 59665 73299 137283 3840510 3043492 780706 16312 
30.8 40960 69697 74375 59665 73299 128244 3887381 2983914 888718 14744 

32, 35 40960 69697 74375 59665 73299 0 4550478 2129816 2428103 -7440  

Fig. 10. The total cost, Part1, Part2, and Part3 under different ψ.  
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• We use the case study of iPhone11 to verify the effectiveness of the 
robust inventory model. Our robust multi-supplier multi-period in-
ventory model can also be flexibly applied to other products. We take 
product quality, ordering cost, service level, and emergency capacity 
as evaluation criteria for each supplier, and calculate the order 
weight. When decision maker applies our robust inventory model to 
other products, he only needs to adjust the evaluation criteria to 
evaluate suppliers according to the practical need of the problem, 
and obtain the order weight of each supplier. 

6. Conclusion and future research 

In this paper, we proposed a robust multi-supplier multi-period in-
ventory model with uncertain market demand and uncertain unit carbon 
emission in transportation. Our robust inventory model considers the 
orders from multi-supplier. About multi-supplier, we took product 
quality, ordering cost, service level, and emergency capacity as evalu-
ation criteria, used Analytic Hierarchy Process (AHP) technique to 
comprehensively evaluate each supplier, and further gave the corre-
sponding score of each supplier. According to the score, we got the order 
weight of each supplier. 

We simultaneously considered two uncertain parameters: uncertain 
market demand and unit carbon emission in transportation. About these 
two uncertain parameters, we constructed Box+Ball and Budget un-
certainty sets to characterize them. The proposed robust inventory 
model based on these two uncertainty sets is a semi-infinite program-
ming model and not easy to solve directly. We used cone duality theory 
to transform the semi-infinite programming model into a mixed-integer 
second-order cone programming model, which can be solved by general 
commercial software. Hence, the proposed robust multi-supplier multi- 
period inventory model with uncertain demand and uncertain unit 
carbon emission is practical. 

We took the DHL Shanghai warehouse as an example to conduct 
numerical experiments. The experimental results illustrated that our 
robust inventory model is feasible and effective, and the optimal deci-
sion given by our robust model is resistant to the uncertainty about 
demand and unit carbon emission in transportation at a small price. The 
more important is that multi-supplier can alleviate the occurrence of 
supply disruption and supply shortage. So, when the enterprise has 
multiple potential suppliers, the decision maker should order from 
multi-supplier. 

The main limitation of this research is that the proposed inventory 
model assumes the distribution of perturbation parameter is free. The 
partial distribution information of uncertain market demand and unit 

carbon emission in transportation is not fully utilized. At present, we 
consider researchers to have the following limitation: the types and 
numbers of existing perturbation sets are limited. If the researchers want 
to apply the RO method to solve the inventory problem with uncertain 
parameters, they can only choose the appropriate perturbation sets from 
Budget, Box, Ball, and their different intersections. Therefore, con-
structing a new perturbation set which can guarantee the model’s 
computational tractability is a challenge for the researchers. 

There are some suggestions about future research. The first is to 
explore a multi-objective inventory optimization model with primary 
objective, such as minimizing the total cost (e.g., the sum of order cost 
and holding cost/shortage cost) and secondary objective, such as mini-
mizing the total carbon emissions (e.g., the sum of carbon emissions in 
transportation and storage). The second is to study the multi-supplier 
multi-period inventory problem under uncertain demand and carbon 
emission with known partial distribution information. If the information 
is about the probability distribution, the stochastic distributionally 
robust optimization method (Ben-Tal et al., 2009) can be used to 
establish an inventory model to decide the optimal order quantity. When 
the information is about the possibility distribution, the researchers can 
apply the fuzzy distributionally robust optimization method (Liu, Chen, 
& Liu, 2021) to build an inventory model to seek the optimal order 
quantity. 
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Appendix A. Proof of Theorem 1 

Here, we prove that the robust counterpart of uncertain constraint (12) can be represented by the system (20) based on 𝒵Budget. 

Proof 3. The perturbation set 𝒵Budget has the following conic representation: 

𝒵Budget =
{

ξ ∈ RK :
⃦
⃦ξ‖∞⩽1,

⃦
⃦ξ‖1⩽Γ

}

=
{

ξ ∈ RK : P1ξ + p1 ∈ 𝒢1,P2ξ + p2 ∈ 𝒢2},

where 

P1ξ = [ξ; 0], p1 = [0K×1; 1],𝒢1 =
{
(χ , σ) ∈ ℝK

×ℝ : σ⩾‖χ‖∞

}
,

P2ξ = [ξ; 0], p2 = [0K×1;Γ],𝒢2 =
{
(χ , σ) ∈ ℝK

×ℝ : σ⩾‖χ‖1

}
.

We use 𝒢* for the dual cone of 𝒢, where 𝒢1
* = {(χ ,σ) ∈ RK × R : σ⩾

⃦
⃦χ‖1},𝒢

2
* = 𝒢1. 

Setting g1 = [ν1; τ1], g2 = [ν2; τ2] with one-dimensional τ1, τ2 and K-dimensional ν1,ν2, then the semi-infinite constraint (12) can be represented by 
the following system of conic inequalities in variables ν, τ,q: 
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⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

τ1 + Γτ2⩽ + el
0

∑T

t=1

(
∑N

n=1
snωnqt + zt

)

+ E− ⩽Ecap + E+,

(ν1)k + (ν2)k = el
k

∑N

n=1
snωnqt, ∀k ∈

[

K

]

,

‖ν1‖1⩽τ1,
[

⇔
[
ν1; τ1

]
∈ 𝒢1

*
]
,

‖ν2‖∞⩽τ2,
[

⇔
[
ν2; τ2

]
∈ 𝒢2

*
]
.

Eliminating τ1, τ2 from the above constraints, we get 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

∑K

k=1
|(ν1)k| + Γmax

k
|(ν2)k| + el

0

∑T

t=1

(
∑N

n=1
snωnqt + zt

)

+ E− ⩽Ecap + E+,

(ν1)k + (ν2)k = el
k

∑N

n=1
snωnqt, ∀k ∈ [K].

Letting λ = ν1,w = ν2, we obtain system (20). □ 

Appendix B. Proof of Theorem 2 

We prove that the robust counterpart of uncertain constraint (13) can be represented by the system (21) under 𝒵Box+Ball. 

Proof 4. The perturbation set 𝒵Box+Ball is the intersection of two uncertainty sets (Ball and Box). For a given t ∈ [T], this perturbation set has the 
following conic representation: 

𝒵Box+Ball =

{

ζ ∈ RT : − 1⩽ζi ≤ 1,

̅̅̅̅̅̅̅̅̅̅̅̅
∑t

i=1
ζ2

i

√

⩽Ωt, i⩽t, t⩽T

}

=
{

ζ ∈ RT : P1ζ + p1 ∈ 𝒢3,P2ζ + p2 ∈ 𝒢4},

where 

P1ζ = [ζ; 0], p1 = [0; 1],𝒢3 =
{
(χ , σ) ∈ ℝT

×ℝ : σ⩾
⃦
⃦χ‖∞

}
, (25)  

P2ζ =
[
ζ; 0
]
, p2 =

[
0; Ω

]
,𝒢4 =

{(
χ , σ
)
∈ RT × R : σ⩾‖χ‖2

}
. (26) 

We use 𝒢* for the dual cone of 𝒢, where 𝒢3
* = {(χ , σ) ∈ ℝT

×ℝ : σ⩾‖χ‖1 }, and 𝒢4
* = 𝒢4. 

Setting ρ1 = [ν3; τ3], ρ2 = [ν4; τ4] with one-dimensional τ3, τ4 and T-dimensional ν3,ν4, then the semi-infinite constraint (13) can be represented by 
the following system of conic inequalities in variables ν, τ,q: 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

τ3 + Ωtτ4⩽
yt

ch
− w1 +

∑t

i=1
d0

i −
∑t

i=1
qi,

(ν3 + ν4)i = d̃i, ∀i ∈
[
t
]
,

‖ν3‖1⩽τ3,
[

⇔
[
ν3; τ3

]
∈ 𝒢3

*
]
,

‖ν4‖2⩽τ4,
[

⇔
[
ν4; τ4

]
∈ 𝒢4

*
]
.

Eliminating τ3, τ4 from the above constraints, one get 
⎧
⎪⎪⎨

⎪⎪⎩

chw1 − ch

∑t

i=1

(
d0

i − qi −
⃒
⃒(ν3)i

⃒
⃒
)
+ chΩt

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑t

i=1
(ν4)

2
i

√

⩽yt,

(ν3)i + (ν4)i = d̃i, ∀i ∈
[
t
]
.

Letting δ1 = ν3,η1 = ν4, we gain system (21). 
Note: the proof processes of the robust counterparts of uncertain constraints (14)–(16) can be represented by systems (22)–(24) are similar to the 

above proof process. □ 
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