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Abstract 
 

Maintaining product temperature at every point in the supply chain is very critical to ensure quality and stability of 

certain pharmaceutical raw material and products. Continuous temperature monitoring and recording is essential 

from quality, reporting and auditing standpoint. Furthermore, accuracy of the recorded data is extremely important 

for investigations. Information lost or transmission of inaccurate information can translate to significant monitory 

losses to parties involved in the supply chain, and in some cases may result in penalties to the manufacturer. Cost, 

for such temperature controlled and monitored supply chains (also known as cold chains), can be defined as a 

function of inventory and costs associated with information loss/inaccuracy. Consequently, managing cold chain 

costs is more challenging than managing traditional supply chain costs. In this paper, overall cost associated with 

different cold chain multi-echelon networks will be studied under stochastic demand and probabilistic information 

loss/accuracy conditions. Dynamic equations for each network are formulated and simulation based optimization is 

proposed to conduct the analysis.  

 

Keywords 
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1.0 Introduction 
The pharmaceutical supply chains, especially the cold chains (chains which operate under controlled temperature 

conditions are commonly referred to as cold chains) handling Active Pharmaceutical Ingredients (APIs), biologics 

and vaccines, are much more difficult to manage when compared to the traditional supply chains. This difficulty 

arises due to several factors including, controlling product and raw material attributes - temperature and humidity, 

continuous monitoring and accurate reporting of these attributes, product / raw material expiry, constraints imposed 

by regulatory bodies, and eliminating drug counterfeits, to name a few [1].  

 

Certain pharmaceutical components (raw material or products) have to be stored, handled and shipped at 

temperatures below ambient, and sometimes below freezing temperatures. Depending on the component 

requirement, the cold chain may be chilled (≥ 1
0
C, but < ambient), frozen, or cryogenic (< -160

0
C) [2]. For these 

components, controlling, continuous monitoring, documentation and reporting temperature throughout the chain is 

of vital importance. Deviating from the validated temperature and humidity ranges has significant negative impact 

on the product quality. FDA (Food and Drug Administration) clearly states that improper storage and handling 

conditions can deteriorate product quality [3]. For example, as per the World Health Organization (WHO) 

guidelines, oral vaccines should be maintained between 2-8
0
C during distribution. If these vaccines are even 

accidentally exposed to freezing temperatures, it can result in potency loss [4].  

 

Regulatory and standards-based organizations demand detailed management of temperature sensitive components, 

including cold chain and controlled room-temperature products during all steps of the supply chain [5]. Temperature 

and humidity data are required to be collected and documented over predetermined intervals. The WHO working 

document QAS/04.068 states: "Recorded temperature monitoring data should be available for review" [6]. 

Inaccurate recording and reporting, reporting this data in an untimely manner, or loss of information can result in 
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significant penalties (monitory or legal) for the supply chain players. Thus, pharmaceutical supply chain costs are 

not only driven by the traditional supply chain attributes, such as, inventory, demand, service level, etc., but is also 

influenced by the quality of information transmitted.  

 

Typically, information pertaining to demand data, sales data, inventory levels, etc. is shared within the supply 

chains, including the cold chains [7]. However, in this study we also include product characteristics into the 

information sharing aspect of cold chains. This paper presents dynamic equations for a four-echelon pharmaceutical 

cold chain and proposes to perform cost sensitivity analysis considering product characteristics, stochastic demands 

and probabilistic information loss / accuracy conditions. Dynamic equations are developed and a simulation model 

is proposed for numerical analysis. Recommendations to reduce the overall supply chain costs are provided.  

 

The remainder of the paper is structured as follows. Section 2 discusses relevant literature reviewed. Section 3 

discusses the model, we briefly introduce the proposed approach for analysis in section 4, and conclude in section 5.  

 

2.0 Literature Review 
Life science supply chains, particularly the pharmaceutical supply chains and cold chains have not been researched 

adequately [7]. Higgins, et al., [2] define cold chain as a logistics environment (covering storage, handling, and 

transport) maintained within specified temperature ranges. It is very important to maintain and monitor the 

pharmaceutical components - products and raw materials, within specified temperature range throughout the supply 

chain.  

 

2.1 Technologies and Techniques Employed in Cold Chain Management 

In this section some of the commonly employed technologies and techniques to monitor the product and raw 

material characteristics in the cold chain are discussed. In order to ensure that the temperature is maintained, it is a 

common practice to incorporate temperature sensing devices, temporary or permanent data loggers inside the boxes, 

packages, containers, etc., to monitor temperature of the products and make informed decisions whether to accept 

the shipment or not [8]. GSM, time temperature indicators (TTI) and barcode readers are also used to track 

temperature at different stages of product transport [2]. Temperature readings recorded from such devices can then 

be mapped to time and location of products in the supply chain. The resulting analysis can help identify any 

potential problem areas.  

 

Edwards [9] discuss business opportunities for the RFID technology in the field of cold chain. The author makes a 

case for the RFID business by comparing this technology with TTI labels, data loggers and chart recorders. Metzger, 

et al., [10] deal with technical issues related to RFID adoption for cold chain management. The main problem 

identified in this paper was that of continuously supplying power to the RFID tags, as uninterrupted power supply 

will ensure continuous temperature monitoring which in turn will ensure efficient cold chain. Higgins, et al., [2] 

reiterate the need for real-time or near real-time tracking systems and digital integration in inter-modal logistics, 

particularly for international movements.  

 

Product attribute monitoring is not only important from quality perspective, it is also very important to prevent 

counterfeiting of pharmaceutical products. Due to a very high dollar value, high frequency of counterfeiting is 

observed in pharmaceutical cold chains [3]. Ensuring proper monitoring of these products will improve its 

authentication. Ames [3] suggests unifying product monitoring and anti-counterfeiting mechanisms into a 

comprehensive temperature-monitoring and documentation program. Such an initiative will ensure the products' 

condition, quality, efficacy and original identity is not compromised as pharmaceutical components move from one 

point to another. 

 

2.2 Studying Impact of Improper Handling and Information Sharing in Cold Chain Management 

Bishara [11] emphasizes the need to plan and understand the entire process before collecting data in a cold chain 

system. Before implementing any type of data collection system in a cold chain, the users should map the entire 

process outlining different types of products, associated environmental restrictions for those products, and their flow 

paths from raw material, manufacturing, packaging, etc. Regulatory and standards-based organizations demand 

detailed management of temperature-sensitive medicines, including cold chain and controlled room temperature 

products during all steps of the supply chain.  
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The need of data and the importance of data gathered will vary based on the role of an individual. Appropriate 

statistical and data analysis techniques can then be used in decision making. Bogataj, et al., [12] used an extended 

MRP model and described the state of the system by set of first order linear differential-delay equations to study the 

impact seen due to disturbances in temperature or in time delays of the system. The authors study the effect of these 

disturbances on costs, annuity stream and Net Present Value (NPV) of the final product. In yet another study, 

O'Connor [13] presents some insights into the inconsistencies in the temperature during the transportation. The 

premise of the article is based on the fact that temperature at different sections inside the container may vary, and it 

can significantly alter product quality. In this study, the author found that the average temperature inside every pallet 

in the container was higher than the set thermostat. Such a difference in expected (set) and actual temperature in the 

container reduced the shelf life of the products.  

 

As aforementioned, traditionally information sharing in supply chain meant communicating sales data, demand data, 

inventory levels, etc. In recent years distribution models have been developed around this information sharing [7, 

14]. These papers study and compare the Fee-For-Service (FFS) with the Investment Buying (IB) strategy used in 

pharmaceutical supply chains. However, none of the papers reviewed in literature account for the costs associated 

with product attribute information inaccuracy or loss between different players of the cold chain.  

 

3.0 Model 
We consider a schematic of a four-echelon (stage) system as shown in Figure 1. The system consists of five nodes 

and each node represents a firm or an organization in the pharmaceutical supply chain network. Node 4 represents 

the manufacturer, node 3 represents the warehouse, nodes 1 and 2 represent distribution center (DC) 1 and 2 

respectively, and node 0 represents the retail store(s). The raw material is procured from an external supplier by the 

manufacturer and processed to a final product (pharmaceutical drug or a vaccine) which is then shipped to the 

warehouse, followed by distribution centers, and finally to the retailer. The retailer is assumed to receive the final 

product from both DC 1 and DC 2 (quantities received may vary or can be same). An allocation issue exists when 

the product has to be shipped from warehouse to DC 1 or DC 2, allocation policy is used to determine proportion of 

supply to DC 1 and DC 2. Uncertainty is involved in both the demand and supply. The uncertainty in supply is a 

result of stochastic information loss assumed between the nodes. Initially we describe the four-echelon system 

assumptions, followed by the product characteristics and supply chain structure, information loss, and dynamic 

equations with allocation policy.  

 

 
Figure 1: Four-Echelon Pharmaceutical Supply Chain 

 

To describe the operations through the rest of the paper, following notations are used:- 

ξ
n
: Demand in period n 

il : Lead time of product to reach node i 

η i

n
: Quality check of product at node i in period n 

is : Base-stock level for i 
ic : Cost per unit of product at node i 

Manufacturer Warehouse

DC 1

DC 2

Retailer

Raw Material Supply

Demand

Supply constrained by 

the information loss

Allocation Policy 

Node = 0

Node = 1

Node = 2

Node = 3

Node = 4
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pc : Cost of information loss at hand-off between nodes 
iα : Required type-I service level at node i 
i

nY : Outstanding orders of item i in period n that have not been delivered 

i

nI : On-hand inventory level of item i in period n before the demand is realized 

{ }max 0,
i i

n nI NI=
 

i

n
NI = Net Inventory for Product i in period n 

i

H
P = Average probability of information transmitted at hand-off from node i to i-1 

hP = Probability of information loss at given handoff 

Pt = Threshold probability 

γ = All or Nothing function 

DP = Proportion of Demand 

SP = Proportion of Supply 

 

3.1 Four-echelon System Assumptions and Operations 

A fixed lead time is associated between the two echelons, which corresponds to the ordering, transportation and 

manufacturing lead time. In this paper we only consider a single end product, for finite horizon (multiple periods). 

We consider varying end product characteristics, based on the temperature and humidity. The structure considered 

below would be a baseline structure, which will be used in comparison with other supply chain network structures. 

The end product demand is considered to be stochastic in nature. The information related to the product, which 

includes the product characteristics and other information as mandated by the US-FDA has to be logged either in a 

central server or at a server located locally at each node (organization) in the supply chain network. We assume 

there is a possibility of information loss when the product is transferred from one node to another node. The loss of 

information between nodes is assumed to be stochastic in nature.  

 

An installation type periodic base-stock policy is used. Under this policy, at the start of each period if the inventory 

position (on-hand inventory + orders – backorders) falls below the base-stock level, an order is placed to bring the 

inventory position back to the base-stock level. Unsatisfied orders are backlogged. A type-I service level model is 

employed. In order to ensure system stability, we assume that the average demand is less than the average supply at 

a node
i

n nE Eξ η   <    . At the beginning of each period the following sequence of activities occur: i) outstanding 

orders are updated, (i.e. items that have not been delivered in the previous period are accounted for), ii) on-hand 

inventory is updated, (i.e. the physical inventory), iii) demand is realized, iv) capacity is realized.  The four-echelon 

problem formulation is shown below: 

{ }

{ }

4 4

0 1
00

* * . 0

where 0,1,2,3,4

i
H

i i i p i i

H

i i
Ps

c s P c s t P NI

i

α
= =

≥≥

 + ≥ ≥ 

∈

∑ ∑

 

 

The objective function is linear in nature and consists of two parts. The first part of Equation (1) is the cost of the 

target base-stock level at each node in the network and the second half relates to the cost of information loss at hand-

off between nodes. The objective function in (1) indirectly penalizes holding inventory at each location, since higher 
is  corresponds to more inventory of item i [15, 16]. The constraints are nonlinear in nature, requiring a desired 

service level of 
iα  to be achieved at each node. The constraints are formulated on the basis of a type-I service level. 

The constraints ensure that sufficient inventory is held to meet demands with a required level of certainty.

  

3.2 Information Sharing 

There are typically two types of information sharing: i) centralized and ii) decentralized. The structural figures of 

two types of information sharing in a supply chain environment are shown in Figures 2 and 3 respectively. 

Probability of information loss is a function of: i) incorrect information transmission, and ii) loss of information. In a 

decentralized information sharing environment, information about orders received or shipped, associated product 

(1)
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attributes, and any other necessary information is updated initially in the respective server at the firm level, and later 

necessary information is updated in a central server or sent to the manufacturer’s server, as observed in Figure 3, 

where the information from third party logistics or distribution center is initially updated in their own servers and 

later updated in the manufacturers server. This leads to a time lag in the system. In order to avoid the time lag, a 

centralized information sharing is employed, as shown in Figure 2. Necessary information is updated in a central 

server, and the manufacturer has access to all the information at any point of time throughout the supply chain. A 

centralized information update is very critical for successful acceptance of the pharmaceutical products by the end 

customer. Especially due to the sensitive product attributes (discussed in next sub-section), these product attributes 

are requirements stipulated by FDA.     

 

In the present paper we only consider a decentralized system, but in future we will also consider the centralized 

information sharing system to compare the system. 

 

{ }1
1,2,3,4 0 1

i

h

n hi

H h

P

P where i P
n

=

 
 
 = ∈ ≤ ≤

∑ ∏
               (2) 

Equation (2) represents a product of probability of information lost during handoffs at node i, averaged over several 

periods (n). The value of 
h
P is between 0 and 1, inclusive of the two values. 

h
P →1 indicates minimal information 

loss or transmission of incorrect information, on the other hand
h
P →0 would imply that a significant portion of 

information is lost or incorrect information has been handed over. As the product moves downstream, this 

probability of information loss at handoff multiplies (tendency to increase exponentially). If the loss of information 

increases beyond a certain acceptable level, the product or an entire shipment is discarded. This is very true 

according to the FDA, lapse of product characteristic results in the entire shipment going back to lab for additional 

tests or disposed. So it is important to faction in this assumption.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                    

 Figure 2: Centralized Information Sharing              Figure 3: Decentralized Information Sharing  

 

3.3 Product Attributes and Network Structures 

Two very important product attributes needs to be considered when dealing with cold chain management: i) 

temperature, and ii) humidity. The characteristics shown in Table 1 will be considered for the end product. Each end 

product will have a combination of temperature and humidity characteristic. The importance of information 

availability becomes critical for all product characteristics, except for the combination of ambient temperature and 

humidity. If the product does not need a controlled environment during transporting/storing, information log may 

not be crucial. But for any other products, it is extremely important to have accurate information of a product’s state 

throughout the supply chain. Subsequently, having a centralized information system can help the manufacturer take 

necessary actions in a timely manner to deal with unforeseen events. 
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We also plan to compare different supply chain network structures in the future research. In this paper we only 

consider the default supply chain for pharmaceutical industry as shown in Figure 1 (Structure 1).  

• Structure 1 (Manufacturer – Warehouse – DC – Retail Store) 

• Structure 2 (Manufacturer – DC – Retail store) 

• Structure 3 (Manufacturer – Warehouse– Retail store) 

• Structure 4 (Manufacturer – Retail Store) 

 

Table 1: Product attributes 

 
 

3.4 Analytical Equations for Structure 1 

Each node in Figure 1 have a set of update equations for outstanding orders and on-hand inventory. Dynamic 

equations associated with each node for the default network are formulated. Equations for node 4 are listed below, 

(3)-(6). The equations for other networks can be formulated very similarly. 
 

Node 4 

Equations (3) and (4) are part of outstanding orders. Equations (5) and (6) are part of inventory, all for node 4.  

{ } { }1 1min , where 4i i i i

n n n n n nY Y Y iξ ξ η− −= + − + ∈              (3) 

( )
( ) { }1

1

* 1
where 4,3,0

1

i i p

n n H
i

n
i i p

n n H

Y if P t
i

Y if P t

γ ξ
η

ξ
−

−

 + − >= ∈
+ − ≤

            (4) 

{ }1 ....... where lead timeof node , 4i i

i i i i

n nn l n l
NI s Y l i iξ ξ−− −

= − − − − = ∈                     (5) 

{ } { }max 0, where 4i i

n nI NI i= ∈                (6) 

  

The outstanding orders for equation (3) represent shortages for that node, which can occur due to insufficient supply 

(the supply of the product is linked to the quality of the product, inferior quality product is discarded or detained 

from the supply chain, which implies the supply downstream is constrained) from the upstream (
i

nη ) . In this paper, 

node 4 is the starting node and receives raw material supply from its upstream. In order to provide a general 

approach, 
i

nη
 
is used as an expression for supply. We assume that the supply is constrained by the loss of 

information or inaccurate information transmission beyond a certain acceptable level (threshold for loss of 

information, p
t ). If the average probability of information loss at hand-off ( )1 i

HP− is greater than the threshold 

probability then the demand at node 4 ( )nξ will be satisfied with a probability equal to γ . Where { }0,1γ ∈ is an all-

or-nothing function. γ = 0 indicates a shortage at that node. We use all-or-nothing function because information loss 

or transmission of inaccurate information may not always result in discarding the shipment. There is always a 

chance that the shipment is accepted with available information at hand. Consequently, we allocate equal 

probabilities for the shipment to be accepted or discarded. If average probability of information loss at handoff is 

less than threshold probability, then probability of shortages is zero. The expression for shortages is shown in 

equation (4). Since there is no information loss for node 4 (this is where the supply chain under consideration starts), 

this equation is not significant. We have included this equation for completeness and to maintain consistency with 

other nodes. 

 

Equation (5) represents the net-inventory equation. The model for evolution of net inventory and on-hand inventory 

for node 4 can be written as shown in equations (5-6) respectively. The net inventory model allows the inventory to 

take a negative value, whereas on-hand inventory cannot take on negative values. 

 

 

Temperature Humidity

Freezing (-20 degrees centigrade) Ambient

Cold (2 to 8 degrees centigrade) 60Rh

Ambient (25 degrees centigrade) 75Rh
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Node 3 

Equation (7) and (8) are part of outstanding orders for node 3, equation (9) and (10) are part of inventory.  

{ } { }4

1 1 1min , , where 3i i i i

n n n n n n nY Y Y NI iξ ξ η− − −= + − + ∈
             (7) 

( )
( ) { }1

1

* 1
where 4,3,0

1

i i p

n n H
i

n
i i p

n n H

Y if P t
i

Y if P t

γ ξ
η

ξ
−

−

 + − >= ∈
+ − ≤

            (8) 

{ }1 ....... where lead timeof node ; where 3i i

i i i i

n nn l n l
NI s Y l i iξ ξ−− −

= − − − − = ∈
          (9) 

{ } { }max 0, where 3i i

n nI NI i= ∈
              (10) 

 

In the outstanding order equation (7) for node 3 the supply is constrained by either information loss / inaccuracy, or 

by the amount of supply from upstream (which is the net-inventory of the upstream node,
4

1nNI − ). Equation (8-10) 

follows similar structures as that of node 4.  
 

Node 2 

Equations (11) and (12) are part of outstanding orders for node 2, equations (13) and (14) are part of inventory for 

node 2. Node 2, represents one of the two distribution centers shown in Figure 1. The supply from node 3 has to be 

allocated appropriately to node 2 and node 1. 

{ }
{ }

3

1 1 1
* min * , , *

where 2 ; 0 1;0 1

i i i i

n n n D n n D n S n

D S

Y Y P Y P P NI

i P P

ξ ξ η− − −= + − +

∈ ≤ ≤ ≤ ≤
          (11) 

( )
( ) { }1

1

* * 1
where 2

* 1

i i p

n n D H
i

n
i i p

n n D H

Y P if P t
i

Y P if P t

γ ξ
η

ξ
−

−

 + − >= ∈
+ − ≤

          (12) 

{ }1
....... *P where lead timeof node ; 2i i

i i i i

n n Dn l n l
NI s Y l i iξ ξ−− −

 = − − + + = ∈
 

        (13) 

{ } { }max 0, where 2i i

n nI NI i= ∈             (14) 

 

Equation (11) represents outstanding orders for node 2. This includes the proportion of demand ( )DP  that is realized  

at distribution center 1. The distribution center 1 (node 2) is only responsible for the fraction of the demand, and not 

the entire demand, and so the value of the variable is between 0 and 1 ( )0 1
D
P≤ ≤ . Similarly, supply from the 

upstream node 3 is also split based on the proportion of supply ( )SP , and value of this variable is also between 0 and 

1. For brevity we use a simple 50% split of the demand and supply. But we plan to employ other allocation policies 

like the proportional, lexicographic, and priority based allocation. The other equations from (12)-(14) are very 

similar to the earlier nodes.  

 
Node 1 

The equations in node 1 are very similar to node 2. 

( ) ( ) ( ){ }
{ }

3

1 1 1
* 1 min * 1 , , 1 *

where 1 ; 0 1;0 1

i i i i

n n n D n n D n S n

D S

Y Y P Y P P NI

i P P

ξ ξ η− − −= + − − + − −

∈ ≤ ≤ ≤ ≤
 

        (15) 

( ) ( )
( ) ( ) { }1

1

* * 1 1
where 1

* 1 1

i i p

n n D H
i

n
i i p

n n D H

Y P if P t
i

Y P if P t

γ ξ
η

ξ
−

−

 + − − >= ∈
+ − − ≤

          (16) 

( )
{ }

1
....... * 1-P

where lead timeof node ; where 1

i i

i i i

n n Dn l n l

i

NI s Y

l i i

ξ ξ−− −
 = − − + +
 

= ∈
           (17) 

{ } { }max 0, where 1i i

n nI NI i= ∈              (18) 
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Node 0 

The equations in node 0 are very similar to nodes 4 and 3, with an exception that the supply is a sum of the supply 

from node 1 and node 2, as seen in equation (19). 

{ } { }2 1

1 1 1 1min , , where 0i i i i

n n n n n n n nY Y Y NI NI iξ ξ η− − − −= + − + + ∈           (19) 

( )
( ) { }1

1

* 1
where 4,3,0

1

i i p

n n H
i

n
i i p

n n H

Y if P t
i

Y if P t

γ ξ
η

ξ
−

−

 + − >= ∈
+ − ≤

          (20) 

{ }1 ....... where lead timeof node ; where 0i i

i i i i

n nn l n l
NI s Y l i iξ ξ−− −

= − − − − = ∈        (21) 

{ } { }max 0, where 0i i

n nI NI i= ∈              (22) 

 

4.0 Proposed Analysis 
A simulation based optimization approach using two methods is planned: i) using ARENA with OptQuest, ii) 

Infinitesimal Perturbation Analysis. Figure 4 shows a flowchart that uses ARENA. A design of experiments will be 

used to comprehensively study the following factors - product attributes (listed in Table 1), network structures 

(mentioned in Section 3.3), and aforementioned allocation policies. Overall cost associated with different cold chain 

multi-echelon networks will be studied under stochastic demand and probabilistic information loss/accuracy 

conditions. 

 

 
 

Figure 4: Simulation using ARENA 

 

ARENA is used to update the equations stated in the previous section. All the decision variables, including the 

objective function and constraints, will be defined in OptQuest, which is a scatter search based optimization tool in 

ARENA. Upper and lower bound values of all the decision variables (base-stock levels) are defined in OptQuest. 

Initial values for the decision variables are obtained from OptQuest. These values are the used as input to the 

simulation model wherein the equations are updated while running the model for certain predefined period. At the 

end of the simulation run, the service level value is fed as an input to OptQuest. Depending on the service level 

value a new set of values for decision variables is again fed back to ARENA.   

 

5.0 Conclusion  
The pharmaceutical supply chains which require temperature and humidity control are referred to as cold chains. 

Maintaining product attributes is critical from quality and authentication standpoint. Furthermore, it is mandatory 

from regulatory perspective that pharmaceutical component (raw material, intermediate and finished product) 

attributes are monitored, recorded and reported in a timely and accurate manner. Failure to comply with these 

regulations can result in penalties to the players involved in the supply chain. These challenges, along with those 

encountered in traditional supply chains, increase the complexity in managing pharmaceutical supply chains. 
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Consequently, costs of such chains can be considered to be a function of aspects belonging to the traditional supply 

chain, in addition to (timely and accurate) information transmitted regarding the component attributes.  

 

In this paper, overall cost associated with one cold chain multi-echelon network is studied under stochastic demand 

and probabilistic information loss/accuracy conditions. Dynamic equations for the network are formulated for the 

particular network structure under consideration. It should be noted that these equations will change depending on 

the network. Simulation based optimization is proposed to compare different networks. Recommendations to reduce 

overall cold chain costs will be provided by performing sensitivity analysis within cold chain network for various 

parameters, and among different cold chain network structures, as part of the proposed analysis.  
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