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Chapter 1

Blockchain Technology in Supply 
Chain Management
Thomas E. Fernandez

Abstract

Supply chain management has existed for thousands of years. Technology started 
evolving with the industrial revolution and yet, paper-based bills of lading are still 
widely used in the international trade today. This chapter explores what problems 
exist in today’s supply chains, and whether blockchain technology can help solve 
them. The problems are categorized into three categories: The origin of the raw mate-
rial or the product is not obvious; trust issues can exist between seller and buyer; and 
the supply chain execution is inefficient. A brief explanation of blockchain technol-
ogy follows as the second part, with a focus on the technology that is useful for this 
purpose of this article. The two parts come together in the third part, showing how 
blockchain technology can solve the problems. Finally, a critical view is taken to show 
the limitations of blockchain technology as a problem solver.

Keywords: blockchain technology, supply chains, supply chain management, use cases

1. Introduction

Supply chain management manages the flow of material, money, and information 
from the origin of the raw materials to the final consumer. Supply chains have existed 
for thousands of years, which includes procurement, transportation, inventory 
and warehouse management, customs clearance, and distribution. A supply chain 
involves many entities, including companies and governments, and several depart-
ments in each of these entities. However, 62% of the surveyed companies responded 
that they have only limited visibility of their supply chains [1].

In the latter part of the twentieth century, companies and governments started to 
digitize the management of the supply chain (also see [2]), first in technological silos 
in which each department had their own hardware and software, such as an inventory 
management system (IMS) or an accounting system, for example. With increasing 
acceptance of computers in businesses, an increasing amount of software entered the 
market. Examples are distribution and fleet management systems, automatic ordering 
systems, automatic storage and retrieval systems (AS/ARs) and transport manage-
ment system (TMS) to name but a few. All these systems were finally integrated into 
an enterprise resource planning (ERP) system. However, not all ERP systems could 
integrate all the different software systems, and—most importantly—often not across 
companies within the same supply chain.
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Vertical and horizontal integration requires the exchange of fast and accurate 
information between the various members of the supply chain. These members 
include first-tier and second-tier suppliers, wholesalers and retailers, as well as 
service providers [3]. Even without fully integrating the supply chains, information 
exchange is crucial to an efficient operation. The traditional method for an exporter 
was to type their invoice and packing list, send it to their forwarder, and have the 
forwarder retype it as a shipping instruction to the shipping line who in turn retyped 
the data into the bill of lading (B/L); and at destination, a customs broker retyped all 
the data into the customs clearance system. This is not only inefficient but can cause 
problems, starting from typing mistakes to the opportunity for fraud.

Blockchain technology is a technology that has many use cases. It became known 
for cryptocurrency, as the first cryptocurrency, Bitcoin, was also the first use case 
for blockchain technology [4]. This chapter will show how blockchain technology is 
much more versatile and can be used in supply chains in order to manage complex 
supply chains efficiently and accurately.

This chapter is structured as follows:
Section 1: Introduction.
Section 2: Problems intrinsic to traditional supply chains.
Section 3: Brief introduction to blockchain technology.
Section 4: How blockchain technology can help solve the problems.
Section 5: Possible problems with blockchains.
Section 6: Conclusion.

2. Problems intrinsic to traditional supply chains

Supply chain management manages the flow of material, money, and information. 
In this chapter, we will concentrate only on the material and the information flows. 
Material usually flows from the origin of the raw material to the consumer (down-
stream) and information flows both upstream and downstream in the supply chain. 
A simple supply chain showing the flow of material is shown in Figure 1.

With the advent of computers, supply chain visibility [5] was introduced. Supply 
chain visibility means that the supply chain manager can see—on his or her computer 
screen—where the inbound or outbound material is located at the very moment, 
whether stocks are getting low and need to be reordered, and where any problems 
exist. Airfreight shipments or seafreight containers can be tracked on the Internet, 
and warehouse and inventory management systems can be accessed remotely.

The following problems can be identified in current supply chains:

• The origin of the raw material or the product is not obvious.

• Trust issues can exist between seller and buyer.

• The supply chain execution is inefficient.

2.1 Origin of the raw material or the product

While the consumers in the past century often chose a product based on the price 
and the perceived quality—using the brand name and the retailer’s brand image as 
references—today the consumer wants to know the origin of the goods. For example, 
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organic food is becoming more and more popular and so is the desire of the consum-
ers to be able to check that the goods are really organic [6, 7]. Foodstuff has been 
falsely declared as organic in order to achieve higher prices. Another example is that 
dolphins are believed to be accidentally killed when fishing for tuna (see e.g., [8]), 
clothes may have been produced in sweat shops or using child labor [9] or that a 
wedding ring could contain a “conflict diamond” or “blood diamond” [10]. A scandal 
in Europe in 2013 revealed that lasagna contained horse meat, which was unexpected 
and undesired by the consumers. Lack of traceability was blamed [11].

The current tracking systems cannot provide the visibility needed to ensure that 
the goods come from an approved source. While seafreight containers can be traced 
from the port of loading or an airfreight shipment from the airport of departure, it is 
unclear where the goods actually originated from. Trucks, for example within Europe, 
can be tracked with GPS systems, but the shipments themselves cannot.

Suppliers may even intentionally falsify the origin of goods. This happens when 
the origin is illicit (e.g., conflict diamonds), the manufacturer handled unethically 
and should not be revealed (e.g., using child labor and forced labor), or an importer 
wants to take advantage of reduced import duties under a Free Trade Agreement 
(FTA) even though the goods do not satisfy the rules of origin specified in the FTA.

2.2 Trust issues between seller and buyer

Unless trust has already been established between seller and buyer, the seller 
needs to ensure that they will receive payment when they deliver the goods, while the 
buyer needs to ensure that they will receive the goods when they arrange for payment. 

Figure 1. 
A simple supply chain. Source: The author.
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The solution has been for centuries that the buyer opens am Irrevocable Documentary 
Letter of Credit with their bank, which the seller accepts. This method requires a 
number of documents and is rather complex and inefficient, as well as costly. In addi-
tion, it bears some risks [12].

If the buyer requires goods or components made in a certain country as they 
believe the quality is better, they will just have to believe that the seller does not source 
these items somewhere else for a lower price.

2.3 Inefficient supply chain execution

Contracts may stipulate that certain actions will take place when certain condi-
tions are met. For example, payment shall be affected when goods have been shipped, 
or when goods have been delivered. The problem here is that it requires human action, 
and if the conditions have been met and the human action has not been taken, there is 
little the beneficiary of the action (e.g., the recipient of the payment) can do. For large 
financial amounts, international legal action can be taken, but they are very costly 
and can take years.

If conditions trigger an automated action by a computer system, a risk of hacking 
exists. It can be forged that the conditions have been met so that action is taken.

3. Blockchain technology

This chapter provides a brief explanation of blockchain technology. Only aspects 
relevant to this article are described, and they are described with relevance to supply 
chains in mind.

Blockchain technology is a layer on the internet. It consists of “blocks” that are 
chained together. A block contains sets of data, similar to records in a database. 
While a block contains several sets of data, this chapter simplifies the technology into 
assuming each block contains one set of data in order to explain the principle.

A set of data contains

• Data (the content);

• A timestamp showing when it was created;

• The “hash” of the previous block;

• Its own “hash”;

• Some other technical data.

A new database record will be created each time a transaction happens. In supply 
chains, an example of a transaction is loading of the container onto a ship.

3.1 What is a hash?

A hash is the output of an algorithm. Simply put, an algorithm is a mathematical 
formula consisting of more than one step. It calculates on output from one or more 
inputs. The output of the hash algorithm is a code, an encryption of the input. If we 
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run the same input through the same algorithm several times, the output (hash) will 
always be the same. That is why it is sometimes called the fingerprint of the data. If 
only one letter is changed, the hash completely changes (Table 1).

On the other hand, it is practically impossible to re-engineer a hash and get the 
original input. If only the hash is known, the data that were supplied to the algorithm 
for calculation of this hash cannot be found out.

Furthermore, a hash has a fixed length. If the SHA256 algorithm is used, the 
length is 32 bytes citation regardless of how long the input was (Table 2):

3.2 Creating a chain

It was mentioned earlier that a data record in the blockchain contains the hash 
of the previous block. It is also known that the hash changes when any of the inputs 
change. It follows that the hash of the previous block cannot be changed without 
changing the hash of the current block; the current block is hence linked to the previ-
ous block. So, we have a chain of blocks, or better: a blockchain.

• Block1 → Block2 → Block3 → Block4

If each new block contains the hash of the previous block, this means that if 
a hacker wants to change any data in any previous block of the blockchain, this 
hacker will have to change the previous hashes in all previous blocks. If they want 
to change data in Block2, this changes the hash of Block2 and therefore the hash 
of the previous block for Block3. Hence, the hash of Block3 also changes, and the 
hacker needs to regenerate that has, and this continues along the whole blockchain 
to the end.

3.3 Distributed ledger technology

Once a hacker in the earlier-mentioned scenario has access to the database, it 
would not be a problem to change all the hashes. This is where distributed ledger 
technology (DLT) comes in. A ledger is a type of database. If DLT technology is used, 
it means that each “node,” that is, each computer on the network, carries the database. 
The network type is a peer-to-peer network [14].

INPUT HASH

This is a test C7BE1ED902FB8DD4D48997C6452F5D7E509FBCDBE2808B16BCF4EDCE4C07D14E

This is a test 2E99758548972A8E8822AD47FA1017FF72F06F3FF6A016851F45C398732BC50C

Source: Rosic (2020).

Table 1. 
Changing “T” at the beginning to “t” [13].

INPUT HASH

Hi 639EFCD08ABB273B1619E82E78C29A7DF02C1051B1820E99FC395DCAA3326B8

Welcome 53A53FC9E2A03F9B6E66D84BA701574CD9CF5F01FB498C41731881BCDC68A7C8

Source: Rosic (2020).

Table 2. 
Length of input [13].
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If this ledger were on one server, it can be hacked more easily. Even if it is in a 
cloud, it could be hacked as the servers in a cloud all mirror each other. A distributed 
ledger is much resilient, as it not administered by a central server or entity.

If a transaction takes place and should be added to the blockchain, it needs to 
be verified. If everybody just added transactions, fraudulent or corrupt data could 
enter the blockchain. Therefore, a consensus mechanism is required [15]. If a node 
wants to add a transaction, it asks the other nodes for confirmation. The other 
nodes will vote for the update, using an algorithm. If more than a threshold, for 
example, 50%, of the replies are confirmations, the transaction will be added to 
the block.

3.4 Transparency and immutability

In blockchain technology, the network used is a peer-to-peer network. This 
means that each node is connected to the other node directly, not via servers as in a 
local area network (LAN). If the majority of these computers on the network have 
to agree on a change, a hacker would have to hack the majority of the computers in 
order to change one block and the subsequent blocks. While this is not absolutely 
impossible, it is considered not feasible in the computing industry [16]. This 
means in practice that the data in the blockchain cannot be changed. This is called 
immutability.

Furthermore, since a copy of the whole ledger is on every computer connected to 
the network, it is transparent.

3.5 Smart contracts

The “data” in the block can contain any kind of data. This includes copies of 
documents or software code. The software code may stipulate that when a certain 
event occurs, an action will be taken. For example, if the shipment is on board and the 
documents have been submitted to the blockchain and found to be correct, payment 
from the buyer to the seller should be made.

The oldest example of a smart contract is the vending machine: insert coins, 
choose a product, the product will be disbursed without human intervention.

4. How blockchain technology can help solve the problems

The problems identified with traditional supply chain at the beginning of this 
presentation were as follows:

• The origin of the raw material or the product is not obvious.

• Trust issues can exist between seller and buyer.

• The supply chain execution is inefficient.

When using blockchain technology in supply chain and logistics, each record in 
our blockchain contains a transaction and other data. This could be the bill of lading 
(B/L)—an electronic B/L or a scanned copy of a paper B/L—or just the fact that the 
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container has been loaded onto a vessel. Each time a transaction happens, a record is 
added to the block.

This chapter will show how blockchain technology can help solving these problems.

4.1 The origin of the raw material or the product is not obvious

This problem can be solved easily by tagging the raw material at origin. A real-life 
example can be found in a case study published by Provenance [17] in which they 
describe the supply chain from tuna fishing to cans of tuna in a supermarket and a 
tuna dish offered in a restaurant. The blockchain will be created once the fish is caught 
on still on the boat, and at every step in the supply chain—unloading from boat to 
truck at the port, delivery to the processing plant, processing (which requires integra-
tion with the plants ERP to know which catch is packed into which cans), delivery and 
distribution, and finally arrival at the retail outlet or restaurant. The can of tuna shows 
a QR code which the consumer can scan with an app that connects to the blockchain. 
The supply chain will be followed backward to the fisher, and the consumer will 
receive a result on their smartphone confirming that the fisher acted in an ethical way.

Diamonds can be identified with 40 metadata points and a high definition of the 
diamond. The diamond can then be traced along the supply chain [18, 19]. This way, 
the buyer can ensure that their wedding ring does not contain a conflict diamond.

In order for the blockchain to confirm to the consumer that the product came from 
an ethical source, this information needs to be entered into the dataset. In the case of 
the tuna fish, the fisher needs to be approved by an independent agency, for example, 
an NGO. In the case of the diamond, the mining company must be approved. The 
parameters can be set as desired: Does this market segment require the produce to 
originate at an organic farm, or do they want produce that are not genetically modi-
fied, or do they not want any growth hormones in their meat? The origin can be 
certified by a trusted body, and the consumer can verify that the origin satisfies their 
requirements.

For industrial products, the origin can also be of interest, not only for the 
consumers. A car manufacturer can ensure that the components are genuine, for 
example [20, 21].

Customs departments require the presentation of a Certificate of Origin (C/O) 
in order to apply special privileges, such as import duty reductions or exemptions, 
to importers of goods made in countries with which a Free Trade Agreement exists. 
These C/O’s are traditionally paper documents that have been signed and stamped by 
the exporter and the exporting country’s issuing authority, often the Foreign Trade 
Department of the Ministry of Commerce. These paper documents can be forged.

If the issuing authority confirms on the blockchain that this shipment conforms 
to the rule of origin, the customs department of the importing country can easily 
see this on the blockchain. Also, the customs department in the exporting country 
can add the customs entry to the blockchain so that the customs department of the 
importing country can verify the declared product and the value [22]. Due to trans-
parency and immutability, the origin cannot be changed.

4.2 Trust issues can exist between seller and buyer

The buyer does not need to believe that the products or components originate in a 
certain country; they can easily check it on the blockchain.
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Once the blockchain has been created, the buyer can request access to the block-
chain. They can then track the goods. Are they delayed in production or on time? Has 
the container been loaded on board the vessel, and has it departed on time?

A smart contract can be included in the blockchain so that when the goods are in 
accordance with the order, they have been loaded into a container, which has been 
transported to the port, and the container has been loaded onto the ship, and payment 
is triggered by the bank—which will also be on the blockchain. Trust is not required.

4.3 The supply chain execution is inefficient

It has already been suggested that certain conditions, when met, can trigger 
payments. While automated payments are already reality without blockchain technol-
ogy—the telephone bill is an example—the difference here is the number of entities 
involved and the number of conditions that have to be fulfilled across the entities. 
Blockchain technology allows a higher degree of complexity.

Combined with artificial intelligence (AI) that manages demand forecasting, 
sales and operations planning systems and master productions schedules (MPSs) 
can be updated along with the material requirement planning (MRP). While this is 
within the ERP system and a blockchain is not required, the purchase orders (POs) 
that are sent to the suppliers leave the company’s computing environment. POs 
can be sent by electronic data interchange (EDI) and then trigger an update of the 
supplier’s MPS and hence his/her MRP. The supplier’s ERP can then send their PO to 
their supplier (i.e., the manufacturer’s second-tier supplier), and onward, upstream 
in the supply chain.

This requires different systems to cooperate. There are many ERP systems in the 
market, requiring different interface to even connect. In addition, the ERP system of 
any member of the supply chain may not be fully integrated internally [23] so that 
gaps in data transfer can occur.

There will be no visibility for the manufacturer into the second- or even third-tier 
supplier. This goes beyond the mere knowledge of the origin of the components and 
their origin in turn; visibility and data flow are essential to prevent the Bullwhip 
Effect [24].

Blockchain technology will also be able to take advantage of the Internet of Things 
(IoT) [25]. When the manufacturer has the forecast that was generated by AI and the 
new MPS has been set, manufacturing can be automated. The components are in the 
automated warehouse and can be retrieved and moved to the assembly line; assembly 
can be done with robots.

As the orders from the customers will be in the system, the system can generate 
the invoices and packing list and also submit the documents to customs. Customs can 
check for the business registration with the appropriate government office, and if any 
export licenses are required, this can be checked accordingly.

Once the goods are loaded into the container on the truck for delivery by seafreight, 
the driverless truck can be programmed to a destination inside the port. Once the truck 
arrives there—can be verified with smart CCTV cameras or satellite tracking—an 
automated crane can unload the container from the truck and store it in the container 
yard. The container yard storage system will be on the blockchain, along with the ship-
ping line that has the confirmed booking (and the container will be moved alongside 
ship for loading) as well as customs.

During the voyage, the vessel data are available on the blockchain via satellite 
data. At the port of discharge, the port authorities, customs, and all other public and 
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private entities concerned with this shipment receive the data they require, as they 
are all connected to the blockchain for this shipment. Immutability of data means 
that they all have the same data, and there will be no discrepancies. Yuan and Yong 
proposed blockchain-based intelligent transport systems, including multimodal 
transport [26].

This will greatly improve efficiency and eliminate fraud [27].

5. Possible problems with blockchains

The data are on all computers on the blockchain. A trader who imports goods will 
not want his customer to know his supplier or how much his actual cost were. The 
solution is to use a permissioned blockchain rather than a public blockchain. In a public 
blockchain, all data are visible to any node in the network. However, there is a solution: 
a permissioned blockchain requires permission to see certain data. According to Wüst 
and Gervais [28], a permissioned blockchain is useful if there are multiple writers, it is 
not guaranteed that everybody is only all the time, all writers are known, not all writers 
are trusted, and public verifiability is required. If some of these conditions are not 
given, they suggest permissionless public blockchains or even not to use any blockchain.

However, if a permissioned blockchain does make sense due to the number of con-
tributors and the complexity of modern blockchains, there are two issues to consider: 
1.) the consensus mechanism used and 2.) data security and integrity.

There are different kinds of consensus mechanisms, Proof-of-Work (POW) and 
Proof-of-Stake (POS) being the most well-known ones. They are fundamentally 
different but come to the same question: Who can vote whether a block is added? And 
also, how many votes are needed as a minimum, and what percentage is the threshold 
to accept the new block?

Data security and integrity have to be addressed, as we earlier said that the whole 
blockchain—with all data—is on every node computer. It is encrypted, and in the 
permissioned blockchain, only those data are accessible to a user for which they 
have received permission. The security is only guaranteed as the login credentials 
are kept secure.

In the supply chain, the wholesaler would receive permission to view the country 
of origin and whether the manufacturer is confirmed to not use child labor, for 
example. This is the information they need. Customs will need information about 
the exporter and the importer and any licenses, but not about the exporter’s supplier. 
With the new German Supply Chain Act [29], German authorities will want to know 
whether the supply chain conforms to the regulations with regard to ethical manu-
facturing. Therefore, it is crucial that only those entities on the blockchain that need 
certain data have access to it. Another issue is that blockchains are often outsourced to 
cloud computing services for various reasons. Limited trust in cloud computing can 
reduce the adoption of blockchain technology [30].

Different blockchains use different technologies and are often not compatible with 
each other. However, this problem is being solved by creating interfaces between the 
blockchains. This means that if a manufacturer opts for blockchain provider A and 
their supplier uses blockchain provider B, and both use different technologies, the 
data can ideally still be moved from one technology to the other without loss of data 
or functionality. However, this does not apply to all types of blockchains, and even if 
there is a “fork”—a splitting of a blockchain for example to update the technology—is 
applied, access to both sides of the fork may not be possible [31].
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Using blockchain technology can be expensive [30]. Depending on the blockchain 
type, there are different charges that apply for every transaction.

6. Conclusion

Supply chains are becoming more complex and more difficult to manage. 
Problems exist because manual processes are still used, such as paper-based bills of 
lading, different computer systems within a company do not integrate, or different 
computer systems used by the different members of a supply chain may not integrate 
with each other. Blockchain technology can help solve problems of complex supply 
chains. Use of blockchain will increase efficiency, increase supply chain visibility, and 
eventually prevent mistakes and prevent fraud.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Safety of Food throughout the 
Supply Chain
Fraidoon Karimi

Abstract

Today, in addition to food security, food safety is very important, because one of 
the prominent causes of increasing diseases is changing people’s eating habits and 
lack of food safety along the food chain. Vegetables and fruits, in all stages of the 
food supply chain, are contaminated with a variety of bacteria, viruses, protozoa, 
and parasites. The prevalence of many diseases has been recorded in the past as a 
result of eating fruits and vegetables. The results of extensive research conducted 
in this field around the world were used in this chapter, and melon is discussed in 
detail as an example. Research findings show that pathogens that lodge in the skin 
of melon can enter the melon flesh when cut and infect it. Similarly, in hot climates, 
the bacteria Salmonella, Listeria, and E. coli multiply easily in melon flesh at low pH 
and soon reach pathogenic doses. Therefore, appropriate hygiene measures should 
be considered along the food chain. These hygiene measures are considered very 
important from the perspective that very small contamination by campylobacter, 
Escherichia coli, and norovirus, for example, can cause a major health problem. 
Highly vulnerable people include pregnant women, young children, the elderly, and 
the sick.

Keywords: safety, supply chain, human health, microbial hazards, chemical hazards

1. Introduction

Food security and food safety are two basic concepts of human nutrition and, 
especially recently, have played an important role in the food industry and trade 
worldwide. According to the Codex’s definition [1] “Food safety is the absence or 
presence of small amounts of hazardous substances in food that do not threaten the 
health of the consumer; these include microbial, chemical, and physical factors that 
are often not seen, such as bacteria, viruses, or chemical residues [1].

Melons (Cucumis melo L.) and watermelons (Citrullus lanatus L.) are important 
members of the Cucurbitaceae family. The term musk melons include various cultivars 
of melon. Commercial melons are evaluated based on their various characteristics, 
such as shape (spherical or oblong), skin color, and shape of the flesh [2]. More than 
100 million tons of melons and watermelons are produced worldwide, 80% of which 
are from Asia. The main producer, from 2009 to 2011, is China with 60% of world 
production. However, the exports of this country account for only 0.13% of the total 
exports of the world [3]. Major exporters of melons have been reported from Mexico, 
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Spain, the United States, and Brazil [3]. In Europe, melons are grown mainly in 
southern regions, such as Spain, Portugal, Italy, and Greece. In Europe, 3 million tons 
of watermelon and 2 million tons of different melon cultivars are produced every year 
[3]. Melons and watermelons are not produced in Germany [2]. Afghanistan is one 
of the main centers of melon production, which is currently producing 15 different 
varieties of melons, mainly in the northern and southern parts of the country. These 
varieties include Jane Tour, Zermati, Bori Kaleh, Asqalani, Sabz-Maghaz, Alishabi, 
Sefal-Sar, Marpost, Ghazikhani, Andalak, Qandak, Alla-Poqaq, Arkani, Arkani-
Garmah, and Sard-e-Lelmi [4].

Fresh vegetables and fruits are contaminated with a variety of pathogens along the 
production-to-consumption chain, resulting in dangerous diseases in humans [4]. For 
example, melon is one of the fruits that is known among people as a fever and disease 
stimulator that some doctors even include this fruit in the list of patients to avoid 
(personal interview, August 20, 2018).

Pathogens identified in melon include Salmonella, Listeria monocytogenes, 
and Enterohemorrhagic Escherichia coli (E. coli) [5]. Campylobacter, E. coli, and 
Norovirus can cause serious diseases [5].

A report prepared for the Codex Committee in 2011 states that between 1950 and 
2011, 85 cases of the melon disease were recorded [1]. Some cases of the melon disease 
have also been reported in Germany [2]. Melons, on the other hand, do not appear to 
contain substances that are harmful to health. Therefore, in this study, it was assumed 
that external factors cause diseases in consumers, these factors are transmitted from 
the skin to the inner parts of the fruit when the fruit is peeled and gets contaminated. 
To test this hypothesis, various relevant sources, including research reports and 
articles, have been studied and their key concepts have been included in this chapter. 
Due to production and supply conditions, melon skin is in contact with germs and 
parasites, especially in melons that have large and rough skin. On the other hand, 
disinfection of melon fruit does not include the stages of production, supply, and con-
sumption, and therefore the fruit remains contaminated and causes health problems.

2. Methodology

This study has been done using various first-hand sources that include reports and 
research articles. The study materials were collected in the first step, and in terms of 
logical relationship with the hypothesis, were divided into three categories: (1) very 
relevant, (2) relevant, and (3) less relevant.

3. Findings and discussion

3.1 Microbiology and pathology

3.1.1 Bacteria salmonella

It is a gram-negative bacterium that is common in nature and can survive in it 
for a long time. This bacterium is found in all types of animals and is one of the 
most important causes of diarrhea in humans. Food, at any stage of the production-
to-consumption chain, can be contaminated with this bacterium through indirect 
contact with human or animal feces. This pathogen can survive in or on food for 
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several months. Even frost cannot kill it [2]. Compared to other bacteria, it can grow 
in a variety of conditions. This bacterium can multiply at a temperature of 7–45°C, 
and the higher the temperature, the more it multiplies. The ideal temperature for the 
multiplication of these bacteria is 37°C. Only at temperatures above 60°C does the 
bacterium begin to die. Multiplication of this bacterium is also possible at pH 4–5 [2].

Humans are infected with Salmonella bacteria by eating contaminated food. But the 
infection can also occur through direct contact with a sick animal or human. The patho-
genic dose for an adult is 104–106 Salmonella bacteria [6]. Depending on the amount of 
fat in the food and the immune status, even doses of less than 100 Salmonella bacteria 
can cause disease. After infection and the average incubation time, the first symptoms 
of the disease are observed after 12–36 h [6]. This bacterium causes diarrhea with 
abdominal pain, nausea, vomiting, and fever. In some cases, especially in vulnerable 
people, this bacterium causes severe illness and even death [6]. According to the Robert 
Koch Institute in Germany (RKI), Salmonella infected 17 people by eating melon, of 
which eight were hospitalized [6]. Vulnerable people include children under the age of 
five whose immune system has not yet been developed, adults, and those who already 
have a disease and are under treatment [2].

3.1.2 Listeria monocytogenes

It is a gram-positive bacterium and is a very important representative of genes 
Listeria. This bacterium is very common in nature and is found in soil, surface water, 
sewage, plants, and the digestive system of animals. This bacterium can contaminate 
food along with the production chain to the consumption of food, for example, during 
milking, butchery, vegetable or fruit collection; or cause contamination during food 
processing. Foods that are eaten raw have a higher risk of infection because they do 
not undergo any germicidal process after processing [7]. Listeria lives and multiplies 
in high temperatures and pH, and in a salty environment, and is a bacterium that is 
resilient and adapts to a variety of environmental conditions. It can multiply at 4–45°C 
and at pH 4.3–9. In addition, it can multiply at a salt concentration of 13% [7]. The 
ideal temperature for the multiplication of this bacterium is 30–37°C in neutral and 
slightly humid conditions, where the salt concentration is 0.5% [8].

The bacterium is transmitted to humans primarily by eating contaminated food. 
The dose of trauma depends on the condition of the immunity and the health of the 
person. According to European Union (EC) laws, ready-to-eat food is safe if the bacte-
rial dose per gram is less than 100 calories (CFU) [6]. A healthy person does not develop 
a serious illness after an indication, but either develops cold symptoms or has indiges-
tion. Unless people have a weak immune system, they can develop severe illness after 
several weeks of incubating the bacteria in their bodies. The bacterium causes blood 
poisoning, encephalitis, or meningitis, and the mortality rate from this bacterium is low. 
In pregnant women, it can lead to failure or premature birth and can cause irreversible 
disorders in infants. In Germany, 337 cases of Listeria’s disease have been reported [9]. 
In addition to infants, people older than 60, especially men, developed leukemia. In 
2011, 147 people in the United States became infected with Listeria, and 33 of them died 
[10]. In this country, Listeria bacteria was found in many samples of melons. The US 
Food and Drug Administration (FDA) has concluded that the disease is present in the 
melon peel and enters the inside of the fruit through the skin and is then transmitted to 
humans through eating the flesh [10]. According to European Union (EC) regulations, 
the concentration of Listeria in prepared foods should not exceed 100 colonies per gram 
of food.
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3.1.3 Enterohemorrhagic Escherichia coli

A gram-negative anaerobic bacterium, abbreviated as E. coli, is capable of pro-
ducing the poison ciguatoxins that cause bloody diarrhea in humans. The bacterium 
E. coli O157: H7 causes many diseases worldwide. This bacterium is present in the 
digestive system of ruminants, such as cattle, sheep, goats, and deer, and is transmit-
ted to the environment through animal feces. This bacterium was resistant to drought, 
frost, and acidity, which means that it can survive in soil, water, and feces for several 
months [2, 10].

Food is contaminated with this bacterium at any stage of the production-to-con-
sumption chain through direct or indirect contact with the feces of an infected animal 
or human. This bacterium multiplies at a temperature of 8–45°C and increases with 
increasing temperature. The ideal temperature for the multiplication of these bacteria 
is 37°C. Observation of E. coli O157: H7 in 0.5, 1, and 1.5% of organic acid (HCl) indi-
cates that this bacterium also tolerates acidic conditions [2, 10]. In one experiment, 
using synthetic gastric extract, E. coli O157: H7 was observed to survive at pH 1.5 and 
it was found that this bacterium is also resistant to strong acidity [2].

The bacterium can also be spread through direct contact or by eating contami-
nated food by humans. The infectious dose of this bacterium is very low, that is, 100 
of them cause disease. The incubation period is 2–10 days and averages 3–4 days. This 
bacterium causes watery diarrhea. In some cases, it causes swelling of the intestines 
and causes seizures and stomach pain, producing bloody stools, and in some cases, 
fever. Except after the disease is in the early stages, it does not show any symptoms 
[10]. In young children, the bacterium causes uremic hemolytic syndrome (HUS). In 
some cases, kidney failure, anemia, and thrombocytopenia can occur. These severe 
symptoms occur in 5–10% of patients. In the acute stage, the mortality rate due to this 
disease factor reaches 2% [2].

3.2 Pathogenic contamination

3.2.1 Melon consumption

Melons, like many other fruits and vegetables, can be produced both in the 
greenhouse and outdoors. After collection, it is either packaged directly on the farm 
or cooled before packaging. In arid regions (such as Afghanistan) packaging on the 
farm is common [11]. Melons are either sold whole or sliced, and in large stores, they 
are sliced and wrapped in plastic, which is sometimes mixed with other fruits. In 
Germany, the cooling of melon slices is prohibited [11].

According to estimates by the European Food Safety Authority [12], about 7% 
of European citizens consume melons [12]. It has also been observed that melons 
are consumed by all age groups, including children and the elderly, due to their 
deliciousness [13].

3.2.2 Contamination of melon fruits

Melons are grown on the ground. They need warm, sunny weather and moist soil. 
Due to the size and weight of its fruits, the fruits are in contact with the ground and 
are easily contaminated with pathogens, either through contaminated soil or water 
[14]. Studies in Mexico and the United States show that irrigation is a major cause of 
contamination [14]. Another study, conducted in Texas, USA, found that irrigation 
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water was contaminated with 9.4% Salmonella bacteria [15]. Insects are also carriers 
of pathogens [16]. A study by Lopez-Velasco et al. [16] found that Salmonella could 
also enter plants through roots; they concluded that the possibility of root infection 
was not high and skin contamination was the main cause.

The fruit part that is in contact with the ground is a special area for contamination 
with bacteria and fungi. To reduce this contamination, the ground is covered with 
plastic, or fruits are placed in plastic bags. Another way to reduce contamination is to 
roll (turn over) the fruit repeatedly. This is done by the hands and if the hands are not 
clean, it will cause more contamination [17].

Contamination also occurs during collection and transfer, for example, by infected 
people. After harvesting, the fruits are cooled by air or water, in both cases, there is a 
possibility of contamination and spread of contamination [18]. Clean melons are also 
contaminated, especially when washed in the basin [18]. In a study by Duffy et al. 
[19], which compared washed and unwashed melons, it was found that washed mel-
ons were contaminated with Salmonella, because contaminated surfaces, as well as 
contaminated fruits, caused contamination of other fruits. Similarly, the Salmonella 
bacterium was observed in samples taken from cold storage [20].

To keep the fruit cool during transfer, ice is placed around it, which is usually 
melted and this causes the contamination of clean fruits [19]. All stages of melon 
production require human labor. The germs survive on the skin of the melon [17]. In 
particular, coarse skin is a good place to protect germs from washing and disinfection 
[18]. The larger the skin of the melon, the more germs it contains (Figure 1) [2].

3.2.3 Presence of pathogens in melon

In one observation, out of a total of 366 cantaloupe melons, 16 were contami-
nated with pathogenic microbes. Salmonella was observed in eight specimens, and 
Shigella in four specimens, while E. coli was not observed in this specimen [10]. In 

Production

^

Pre-cooling and washing 

^

PackagingCold storage

^^

Cold storageProcessing 

^

Transportation 

^

RetailerProcess: if necessary

^

Consumption

Figure 1. 
Showing the food supply chain.
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another study by the Austrian Institute of Technology [1], it was observed that the 
presence of Salmonella in melons is different [1]. In Mexico, 12 out of 55 samples 
were infected with Salmonella. In Nigeria, three out of every 50 melons were 
infected with Salmonella bacteria. In addition to Salmonella, other microbes, such as 
Staphylococcus aureus, Enterobacter aerogenes, and Klebsiella pneumoniae, were also 
observed [4]. In 2000, Castillo et al. [5] collected 950 samples of melons from Texas 
and 300 samples from Mexico; 0.5% of the samples were from Texas and 0.3% from 
Mexico were contaminated with Salmonella [10], respectively. Salmonella was also 
found in watermelons imported from Costa Rica and Brazil. In Germany, out of 406 
samples, three melons were contaminated with Listeria.

3.3. Durability and growth of pathogens in the skin and flesh of melon

Pathogenic bacteria in melon skin survive for a long time and multiply [2]. The 
number of E. coli O157: H7 bacteria increases by more than 100 times in one square 
centimeter of melon skin and a temperature of 25°C in 4 days [4]. The large, rough 
skin of a melon provides a multiplication space for germs. Salmonella formed a bio-
film in the skin of the cantaloupe melon at 20°C after 2 h, and the bacterium increased 
by 200% at room temperature for 24 h [2]. Table 1 shows the amount and timing of 
the multiplication of Listeria and Salmonella bacteria in melons and watermelons at 
different temperatures. It is observed that the proliferation of bacteria has increased 
in proportion to the temperature; by increasing the temperature from 10 to 30°C, the 
largest number of these bacteria is produced in the shortest time.

Ukuku et al. [19], in their study, found that the number of aerobic bacteria in 
the flesh of the cantaloupe was higher than the number of these bacteria in the 
flesh of the honeydew melon. The microbes in the skin are transferred to the melon 
flesh during slice cutting [19, 21]. Due to the low acidity of the melon flesh, the 
bacteria survive and multiply rapidly. Listeria and Salmonella bacteria started 
multiplication at room temperature after 2 h [19], and the researchers also reported 
that, as a general rule, the higher the storage temperature, the shorter the bacterial 
division.

Studies by Li et al. [12] show that Salmonella and E. coli O157: H7 did not grow in 
the skin of cantaloupe, honeydew, and watermelon at 4°C, but at 15°C and higher. The 
proliferation of these bacteria began rapidly. E. coli O157: H7 began to multiply more 

Pathogen Temperature 
(°C)

Watermelon Cantaloupe

Lag 
phase 

(h)

Generation 
time (h)

Lag 
phase 

(h)

Generation 
time (h)

Listeria 
monocytogenes

10 24a 13.03a 24a 7.12a

20 18b 2.17b 6b 1.72b

30 4c 1c 4b 0.84b

Salmonella 
enteritidis

10 24a 7.47a 24a 7.31a

20 None 1.6b none 1.69b

30 2c 0.51c 2c 0.69c

Table 1. 
Lag phases and generation times of Listeria and Salmonella bacteria in watermelon and melon [4].
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rapidly than Salmonella at room temperature (23–25°C). Contrary to expectations, 
despite the different pH of watermelon (pH 5.1–5.6) and melon (pH 6.1–6.6), the 
same proliferation and growth of bacteria were observed in these two fruits. However, 
the growth rate of Salmonella and E. coli in honeydew melon was slightly lower than 
in other types of melons [19].

If the peeled melon is stored for a long time without refrigeration, the risk of 
germs growing in it increases [19]. Storing melon at 22°C caused severe growth 
of Salmonella. The number of Salmonella reached 1.3 cfu/g bacteria after 5 h and 
0.2 cfu/g in a watermelon after 5 h [19]. In melons that were not refrigerated, the 
number of Listeria increased at 20°C compared to those refrigerated at 5°C. The 
researchers concluded that storing melon slices under normal room conditions, even 
for a limited number of hours, could increase Listeria bacteria [21].

According to scientific studies, washing with water does not significantly reduce 
the number of germs in melon skin [19]. Washing the cantaloupe melon for 3 minutes 
did not reduce the number of Salmonella and E. coli [2]. The researchers attributed 
the large surface area of the melon to the absorption, preservation, and contamina-
tion of the melon. To clean the surface of the melon, it is a good way to use a brush. 
A study by Parnell et al. [15] showed that brushing melon skin for 60 s reduced the 
number of Salmonella quadruples, and large-skinned melons reduced the number 
of bacteria by 1.6 times. After the melon was disinfected with 2.5% hydrogen per-
oxide, the number of microbes was reduced in it, except that Listeria bacteria is still 
observed in the melon flesh after spraying [19].

4. Conclusion and recommendations

Fruits and vegetables have caused diseases in the most developed countries. In the 
past, many cases of disease outbreaks have been reported after eating melons, some 
of which were very serious. For example, 147 people became infected with L. mono-
cytogenes in the United States in 2011 after eating melons, including 33 deaths and 
a pregnant woman who was unable to give birth as a result of the disease. To reduce 
diseases, the following orders should be considered along the production chain to 
consume vegetables, fruits, and especially melon fruits.

During production, use plastic and/or organic mulch to reduce contamination, or 
place fruits in plastic bags. Another way to reduce contamination is to roll over fruits 
consistently. This is done by the hands and the hands should be clean, otherwise, it 
will cause more contamination [10, 21].

Studies show that peeling melon before eating significantly reduces germs [21]. In 
the United States, Canada, Australia, and New Zealand, the melon is cooled imme-
diately after slicing as a precaution, and discarding melon slices that have been left 
in normal air for more than 2 h has been ordered [20, 22]. Therefore, observing these 
measures is recommended.

It is recommended that restaurants, wholesalers, and families cut and consume 
melon little by little, and melon slices should be consumed in less than 2 h. It is recom-
mended that pregnant women and other vulnerable people, such as young children, 
adults, and the sick, refrain from eating melon that has been stored outdoors for 
several hours.

Hygiene measures should be taken when cutting the melon, such as slicing should 
be done in a wider and clean place with clean hands, and a clean knife and a clean 
container should be used to prevent contamination of the melon flesh. It is very 
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important to consider home hygiene and personal hygiene because the infection dose 
of Listeria bacterium is very low (100 colonies). In addition to maintaining good 
hygiene, it prevents the melon from becoming contaminated with other germs, such 
as campylobacter, type A jaundice, and norovirus.

To prevent contamination and disease, retailers, restaurants, cafeterias, and others 
should cut a small amount of melon and consume it in less than 2 h.

It is recommended that the melon husk be eaten immediately or put in the refrig-
erator immediately. The suitable temperature for the refrigeration of melon cut is 
4-6 Degree Celsius as it minimizes the multiplication of germs. Pregnant women and 
people with weak immune systems, such as children, the elderly, and the sick, should 
refrain from eating peeled melons that have been left in the room for more than 2 h.

In the field of exports, since the issue of food safety is more important today than 
food security, producers and exporters must consider hygiene throughout the stages 
of the supply chain, because competition and continuity in international markets are 
possible only if the fruits are healthy and free of pathogens and dangerous elements, 
such as Argentum, lead, and arsenic; also, free of residues of agricultural chemicals. 
Therefore, exported fruits must comply with the standards of the global quality 
control organizations, especially the food standards of the Codex Alimentarius 
Commission, and HACCP.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 3

Harnessing the Environment of
Maritime Transport and Port
Logistics Sector in the Management
of Covid-19 Pandemic
Theophilus Chinonyerem Nwokedi

Abstract

The outbreak of Covid-19 pandemic led to huge loss of human and material Capital
and adversely affected the economies of nations. The fight against the spread has been
serious and strategically coordinated and implemented across major Countries; but
exposure to its spread has continued to raise fears about the possibility of achieving
total eradication. Public health experts opine that the disease may not totally go away
soon, and as such, society should learn to live with it as the new normal. The study
thus evaluated the influence of harnessing the built environment of maritime trans-
port and logistics sector in the management of exposure to spread of the disease. It
identified the various components of the built environment types in the maritime
transport sub-sector that represent potential nodes of maritime workers exposure to
the spread of Covid-19 as well as the Covid-19 infective pathways in the maritime sub-
sector and analyzed the risk of exposure each infective pathway and node poses to the
exposure to Covid-19 spread. It also identified and analyzed the risk management
approaches to be employed in limiting exposure to the disease in the maritime and
port logistics sector in Nigeria.

Keywords: built-environment, maritime-transport, port-logistics, spread, Covid-19

1. Introduction

1.1 Overview of the role of built environment of maritime transport and port
sector in management of Covid-19 pandemic

The environment is defined as the ecosystem, habitat and/or living place of any
organism. It is the totality of the surroundings and all the content of the surroundings
in which an organism lives including the natural forces and other species of livings
things that create interdependency relationships for the organism’s development and
growth. The environments of an organism thus have or should be made to have
inherent capacity to shield and protect it from the danger of injury, health-hazard,
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damage and/or death from unnatural causes. Man over the ages have artificially
harnessed and made habitable for himself environments that were initially considered
unfavorable for human habitation by the use of technology. One such example is the
marine environment, sea and/or offshore locations which were natural habitats for
aquatic organism and other marine species. The exploration and exploitation of the
resources of the marine environment over the years has led to the development of
ships and marine structures of many kinds that support human adaptation and living
in the marine environment in the course of his occupation. The same can be said for
the urban and city centers of today which were initially natural forests turned built
cities and urban centers by the entrepreneurial activities of humans. Thus we view the
concept of the built environment as a concept that encompasses artificially made
structures, platforms, buildings; urban, suburban and rural settlements and the rela-
tive facilities that accommodate humans to live, work and carry-out diverse socio-
economic, political and all forms of human activities that are necessary for and
support collective human existence [1]. It therefore behooves on human operators to
ensure that the built environment have capacity to maximize the protection of
humans inhabitants from the danger of injury, health hazards, damage, and death
from unnatural causes. This may be achieved by employing various means and strat-
egies, but mostly the planned management approach which ensures that outcomes
remain in line with behavioral objectives. According to Roof and Oleru [2], the
concept of built environment is not limited to urban and suburban housing settle-
ments that provide shelter for times spent indoor, it equally encompasses shelter for
times spent at work related environment as more than 5% of average North Ameri-
can’s workers time is spend in car.

In the Nigeria maritime industry for example, navigators and seamen live in ships
and offshore structures for as long as 3 months before the next change of crew while
dock workers and terminal operators spend consecutive 8 h work period each day in
the seaports and terminal infrastructures in Nigeria. Thus ships, the seaport infra-
structures, the terminals, the offshore structures etc. form the built environment of
the maritime transport and ports industry in Nigeria whose capacity to provide pro-
tection to the inhabitants and users, cum shore-based stakeholders and/or contribute
to programmes and schemes aimed at eliminating and curtailing the spread of life
threatening infections, like the current Covid-19 pandemic must be enhanced.

The environment of maritime transport and port logistics sector is therefore,
viewed as the totality of the maritime ecosystem including the sea, the coastal water
zones, the inland water transport (IWT) zones, upon and/or in which the cargo ships,
offshore floating and fixed productions, storage and offloading (FPSO) systems, fish-
ing vessels, cruise ships, barges, river crafts, dredgers, seaports and Inland River
ports, marine terminals, shipyards and docks, etc. as built maritime transport and
ocean exploitation support structures, that accommodate maritime workers; that har-
ness the ships and watercrafts for waterborne transport and other related operations.
For purposes of developing models to enable the maritime sub-sector successful
manage the fight against the spread of the Covid-19 pandemic; we summarized the
built environment of maritime transport system that must be involved in the success-
ful management of the exposure to and spread of the Covid-19 pandemic as shown in
Figure 1.

Figure 1 presents the built environment of the maritime transport system, indi-
cating the various ships, port infrastructure and shore based maritime structures
accommodating human activity types in the maritime industry while also interacting
with, affecting and impacting on activities, operations, process and life in the various
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urban, suburban and rural land based settlements. They protection of the inhabitants
of the above environment of maritime transport and the urban, suburban and rural
land based settlements is the motivation for harnessing the maritime and port logistics
industry against the spread of the Covid-19 pandemic [4]. Any management model or
strategy that did not holistically involve the identified components of the environ-
ment of maritime transport, may not succeed, as the un-captured/uninvolved com-
ponent or sub-system may end up re-infecting the entire maritime transport system,
and subsequently, the land based urban and suburban settlements.

The China Country office of the World Health Organization [5] in Wuhan City
was the first to identify in humans and report a novel type of corona virus disease in
December 2019 which was afterwards officially referred to as the Covid-19. The
Covid-19 disease spread geometrically with large numbers of confirmed cases in many
parts of World within a very short time causing it to be characterized as a global
pandemic. Since the Covid-19 disease is currently determined not to be an airborne
disease, humans are determined to be the commonest direct agent of its spread among
human populations and objects in the built environments and human settlements. By
implication, transports infrastructures (maritime transport, air transport, road, rail,
etc.) remains the major means of the transmission of the disease across international
borders and among local populations. Consequently, the built environment of the
maritime transport and shipping sector like other transport modes constitute
potential and real major agents of spread of the virus; following which entire built
environments of maritime transport must develop proactive instruments and strate-
gies for managing the environment as identified above to curtail the spread the spread
of the Covid-19 pandemic. Nallon [6] notes the importance of quarantining ships for
14 days before enter the destination port following the first confirmed case of coid-19
disease onboard a container ship Gjertrud Maersk. The report notes that quarantining
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Figure 1.
Summary of the built environment of maritime transport showing the hierarchy of relationships. Source: Prepared
by Nwokedi [3].
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vessels will impact global seaborne trade negatively, that however is in line with
management guidelines needed to ensure most importantly that the transmission and
spread of the disease through the entire maritime industry to land based settlements
environments is prevented and/or curtailed. Developing Covid-19 transmission and
infection likelihood/risk model based on empirical evidences of the spread of the
disease for seaports in Nigeria and ships calling to the ports as well as a framework
and action plan for the entire maritime transport environment for the management
and prevention of the spread of Covid-19 in Nigeria constitute the central aim of the
study.

1.2 Covid-19 transmission modes and implications for management of the
environment of maritime transport and ports

The Nigerian center for infectious disease control [7, 8] identified two major
modes of transmission of Covid-19 disease to include:

i. Direct transmission: This involves human-to-human direct transmission
which results when infected person comes in contact within about 6 feet with
other people, respiratory droplets from the nose produced by sneezing,
droplets from the mouth during speech, may drop on objects or be inhaled
into the lungs by unprotected close-by persons leading to infection [7, 8]. The
Bangladesh Maritime Authority gave a pictograph summary of direct human-
human transmission as shown in Figure 2.

ii. Indirect Transmission: This involves objects-to-human transmission. Indirect
transmission or object-to-human transmission occurs when humans come in
contact with infected objects. Infected objects in this case are objects
contaminated by droplets from noses and mouth of infected individuals in the
course of sneezing and talking (Figure 3).

The implication of this in the management of Covid-19 in the maritime environ-
ment is that the mode specific transmission mean/routes must be identified and

Figure 2.
Direct (person-to-person) transmission of Covid-19. Source: Bangladesh Maritime Authority [9].
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barriers/shields built against it these transmission means and routes of transmission.
The transmission barriers and/or shields takes the forms of regulatory instruments
aimed at regulating the behavior of operators and manners of operations and use of
equipment to yield expected outcomes. The expected outcomes being to break the
transmission curve and achieve a Covid-19 free maritime environment and society.
Implementing the use of personal protective equipment (PPE) and developing policies
that limit risky behavior is also important. While the practice of 14 days quarantining
cum isolation and treated of confirm cases in line WHO [5] guidelines will apply to
human agents (seafarers andmaritime workers), massive disinfection of non-human
agents (cargo, ship surfaces, superstructures, equipment, etc.) is applied inmanagement
and treatment of such non-human agent. But since it is impossible to determine which
non-human agents are already contaminatedwith the virus, risk assessment based on ship
exposure to ports in regions with confirmed cases becomes necessary such that all such
objects and ships identified as having visited a high risk region ismandatorily quarantined
and disinfected before being allowed access to seaports. Based on the very nature of ship
movements and the structure of themaritime industry operations, we identified Covid-19
transmission routes in themaritime industry for purposes of developing transmission
barriers as amanagement strategy as follows;

i. External transmission routes: This is the transmission and infection of healthy
ship and/or the occupant seafarers and objects onboard by parties external to
the ship at any given point in time. It equally denotes a situation where an
infected ships or crew transmits and infects healthy ports, settlements and
other healthy ships with which it had contact. See Figure 4 for a pictograph
example of external route/channel Covid-19 transmission routes in the
maritime industry.

Major types of external Covid-19 transmission routes in the maritime
industry include:

1.Ship-to-shore (port)-transmission (inclusive of direct or indirect
transmission)

2.Port (shore)-ship-transmission (inclusive of direct or indirect transmission)

Figure 3.
Indirect (object-to-person) transmission of Covid-19. Source: Adapted from Bangladesh Maritime Authority [9].
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3.Ship-to-ship-transmission (inclusive of direct indirect transmission)

4.Direct and indirect Urban and suburban human settlements-port-
transmission (city and sub-city settlements-to-port-transmission).

ii. Internal transmission routes: This is the internal transmission and infection of
healthy persons and objects within the same vessel or ports by individuals
who are already carriers of the viral disease. For example, within a given
seaport, an infected dockworker in the customs base may spread and infect
the entire seaport community as shown in Figure 1, within a custom base, an
infected officer will transmit and infects healthy colleagues which may lead to
a situation of community infection, etc. see Figure 5:

Major types of internal Covid-19 transmission routes in themaritime industry include:

1.Internal ship-based-person-to-person-transmission onboard,

2.Internal ship-based object-to-human-transmission (within the same ship)

3.Internal Port-based human-to-human-transmission within the seaport and all the
shipping companies, trucking units, etc. within the seaport.

4. Internal shore-based object-to-human transmission.

Identifying clearly the transmission routes in the maritime industry enables route
specific Covid-19 transmission and exposure risk analysis to be carried-out and the
likelihood/probability of transmission of and exposure to Covid-19 determined for
both external and internal routes. All routes may thus be presented in term of the
hierarchy of the probability transmission and exposure risks to guide operations and
operators in the industry. For indirect transmission, disinfection by use of approved
sanitizing agents in line with WHO guideline can be carried prioritizing high risk
routes. Quarantining seafarers and other industry personnel from high risk areas for
14 day and isolation of confirmed cased followed by treatment in line with WHO
guidelines is adopted in managing direct human to human transmissions. As can be
seen both the external and internal routes of Covid-19 transmission and infection

Healthy 
Ship

Infected 
Shore (Port)

Infected Ship

Infected 
Urban & 
Suburban 
Settlements

Figure 4.
Pictograph showing external Covid-19 transmission routes/channels in the maritime industry. Source: Nwokedi
[3]. Note: The direction of the arrows is reversed in the case that an infected ship is transmitting and infecting
healthy ports, urban settlements and other healthy ships.

34

Logistics Engineering



spread in the maritime industry revolve around object transmission and human
transmission. This suggests that among other things, high risk transmission and
infection routes should prioritized in the serious implementation of the guidelines for
the management of both direct and indirect transmission in the maritime transport
sub-sector in Nigeria. The development of a framework for the management and
control of the spread of the Covid-19 pandemic in the Nigerian environment of
maritime transport will considered in the subsequent sections of the chapter.

The identified external and internal routes/channels of transmission among the
built environment of the maritime transport and shipping sector further suggests a
transmission-route specific approaches can be developed involving holistically all the
components of the built environment of maritime transport including seaports, ships,
shipyards, shipping companies and all the components earlier identified. This should
commence with Covid-19 infection risk assessment in which a proximity based model
may be used to assess risk of exposure of each port facility, ship, company facility, etc.
to risk of Covid-19 infection. Higher level of caution and preventive strategies in line
withWHO guidelines will thus be adopted by ships when calling to a port facility with
higher risk of infection while ships with higher risk of infection determined by their
proximity and duration and frequency of call to high risk ports are quarantined in line
with available regulations as they call to healthy ports. To effectively curtail the
transmission and spread of Covid-19 disease within the maritime sub-sector and
between the maritime environment and residential settlements beyond the maritime
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Staff
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Bays, objects and 

Personel
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Healthy staff of 
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Figure 5.
Source: Nwokedi [3]. Note: The direction of the arrows indicating the direction of transmission is reversed in the
case that an infected sub component of the seaport system is transmitting and infecting healthy port authority staff
and other healthy sub-components of the port as identified in Figure 1.
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environment, there is serious need for each component of the built environment in
the maritime sector representing a node and/or point of transmission and infection
development node specific strategies in line with general guidelines. This will equally
be useful in determining the risk of exposure and infection at each specific node and
other interacting nodes. See Figure 6:

Based on the above interaction model above, proactive management approach
should be adopted where: At Node-A Seaport authority should:

i. Port Covid-19 exposure risk assessment (PCRA)

ii. Develop a port Covid-19 prevention plan (PCPP) encompassing action plans
to be carried out by all agencies, companies, operators and stakeholders in the
port including interaction principles and procedures with residential
settlements (individual accessing the ports from residential settlements
daily). The plan should be in line with WHO and NCDC general guidelines
for control of the spread including but not limited to quarantining, isolation
of confirmed cases, social distancing rules, use of face masks, etc.

iii. Appoint port Covid-19 officers and or prevention and management
committee with the responsibility of ensuring the implementation of port
Covid-19 prevention and management plan. Such officers must work in
unison with the port health department.

iv. Determine which components or sections of the seaport pose high risk of
transmission and infection of the entire seaport so that appropriate controls
are deployed.

v. Determine what equipment is necessary for the prevention of the spread and
provide all such equipment including PPE.

 

  
 

 

Seaport Facility
(Ports Authority)
(Node-A)

Urban/Sub -Urban 
Residential Settlements
Node - B

Shipping Companies,
Customs Base, Terminals,
Multimodal Transport Bays, 
etc. (Node - D)

Ships - Cargo, Cruise,
Fishing, Dredges, etc.
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Figure 6.
Built environment of maritime transport and non-work residential settlements interaction model depicting Covid-
19 transmission and infection nodes as it affects the maritime industry. Source: Nwokedi [3].
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vi. Regulate the implementation of port Covid-19 prevention plan (PCPP) by all
stakeholders and ships calling to the port.

vii. Carry-out performance appraisal routinely to ascertain the capacity of the
current PCPP in curtailing the spread of the disease within the environment
and improve if need be; among others functions.

At Node-B, Port users and other interest groups (e.g.: seafarers and their families,
families of dockworkers and agencies personnel in ports, etc.) that interact with the
built environment of the maritime transport from residential settlements represent
potential transmission agents captured in node-B. To prevent transmission and infec-
tion from these groups requires that:

i. Port authorities, shipping companies, ships and other agencies in the
maritime built environment as identified in that model of interaction develop
access control programme for all such individual such that only those with
serious business in the maritime environment are allowed access.

ii. Provide PPE and implement compulsory use of such by all accessing the
facilities from residential settlements.

iii. Disinfect all objects entering the seaport facility and the component nodes of
interaction from residential settlements.

iv. Develop policy blueprint on compulsory expected behavoiur pattern (CEBP)
for all employees in the maritime sector accessing the built environment of
maritime industry (seaports, shipping companies, customs base, truck bays,
ships, etc.) from residential settlements in lines with World Health
Organization guidelines.

At Node-C, Ships of various kinds calling to seaports and the ship-owners takes
responsible of the fight against the spread of the Covid-19 disease. It is expected that
each ship must develop strategic action plans aimed at not only avoiding being
infected in course of interaction with ports, settlements and other maritime industry
stakeholders, but to ensure that the ship, the crew and the objects on board does not
transmit and infects healthy ports and residential settlements with the disease. To
ensure this, each ship should:

i. Carry out ship exposure to Covid-19 risk assessment using proximity based
model in which the ship assesses its closeness and/or contact with infected
port regions.

ii. Develop a ship Covid-19 prevention plan (SCPP) in line with guidelines
issued by the WHO and the local port of call including the 14 days
quarantining, isolation and Covid-19 management principles.

iii. Develop schedule for routine disinfection of onboard objects and other ship
surfaces following visits to ports in high risk regions.

iv. Appoint a ship-based Covid-19 prevention officer as the responsible authority
for enforcing the SCPP.
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v. Implement the port specific regulations for ships for the prevention of Covid-
19 transmission and infection.

vi. Determine ship equipment requirement including PPE and acquire such.

vii. Determine rules for engagement of external parties to avoid the spread of the
disease.

viii. Cary-out routine performance appraisal to evaluate how the SCPP was able to
curtail the transmission to and infection of the ship and crew and recommend
improvement.

At node-D, shipping companies, custom bases, multimodal transport bays, termi-
nal operators and other stakeholders in the maritime industry have responsible to
manage and prevent the spread of the Covid-19 disease by implementing the port
authority regulations designed for each group of operators as well as company specific
prevention rules, in line with the guidelines of the WHO. Each company and agency
in this category should:

i. Carry-out company Covid-19 risk and exposure assessment (CCRA)

ii. Develop company specific Covid-19 prevention plan (CCPP)

iii. Appoint a company based Covid-19 prevention officer responsible for
ensuring the implementation of the CCPP.

iv. Achieve the implementation of the PCPP as it affects the company.

v. Carry-out routine performance appraisal to determine the viability or
otherwise of the CCPP; among other duties.

It is important to note the similarity between the approach to Covid-19 prevention
in the maritime industry and the international ship and port facility security (ISPS)
code implementation approach which outlines the roles of all interacting stakeholders
in the security architecture of the maritime industry [10]. Government may thus for
an apex organization enforcing and supervising the overall implementation of the
Covid-19 prevention rules across the maritime industry through the Nigeria Maritime
Administration and Safety Agency (NIMASA), the port health (PH) and National
center for disease control (NCDC).

2. Relevance and importance of the environment of maritime transport
and shipping IN management of the spread of Covid-19

The Nigeria center for disease control [7, 8] notes that the index case of Covid-19
disease in Nigeria was an Italian Citizen who arrived Lagos after being possibly
infected the virus in his home Country, Italy. This evidences the roles of the overall
transport industry inclusive of the aviation, road, water/maritime transportation, rail,
etc. in the spread of the disease and thus formed the overall reason for the ban of

38

Logistics Engineering



international, regional and interstate travels as a combative measure against the
spread of the Covid-19 pandemic. Since transport facilitates social political and eco-
nomic interaction between and among diverse geographical locations, residential set-
tlements and work/industrial zones, it has inherent potential to negate the social
distancing rules if not deliberately strategized to ensure the observance of social
distancing rules. As an industry with capacity to mobilize mass movement of people
and goods across spatial locations, the build environment of the maritime transport
sector is a major relevant stakeholder in the fight against the transmission and spread
of the Covid-19 disease. As such, for the continued operation of this important sector,
sector specific cum institution specific, policies, regulations, strategies and guidelines
must be developed in line with the general guidelines and rules of the World
Health Organization and the Nationals guidelines for the prevention of the spread of
Covid-19. The maritime transport industry like the aviation and road transport sub-
sectors, similar to the health institutions need to be viewed as front line sectors that
are directly affected by the pandemic, directly involved in the spread of the disease
from one region to another and to residential settlements. As such, the environment of
transport (including maritime transport) is relevantly involved and must play front-
line roles in the management of the transmission of Covid-19 in the society. As a core
component of the work and/or industrial zone with interactive relations with diverse
urban and sub-urban residential settlements, the built environment of maritime
transport can significantly contribute in breaking the curve of transmission of the
disease to the benefit of society. The relevance and importance of the environment
of maritime transport in the fight against the spread of the Covid-19 pandemic is
better understood by observing the overlapping nature of interaction between and
among different forms of built environment consisting of the work/industrial envi-
ronment, residential environment, social environment, and religious environment as
shown in Figure 7. The tick blue areas indicate areas of intersections and union

Religious environment
( churches, mosques,
shrines, ecumenical
centers

Work environment
( industrial, trade, 
transport, maritime,
tourism, etc.

Residential setllements (
 urban, sub-urban, rural,
 etc). 

Social 
environment 
(school, club,
conference
centers,
recreational 
centers, 
etc. 

Figure 7.
Spatial interaction model depicting the relevance and importance of the environment of maritime transport and
other spatial settlements in the management of Covid-19. Source: Nwokedi [3].
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between and among the environments. Thus, it behooves on all environment
types to be actively involved in the implementation of the measures aimed at
preventing the spread of the virus. Otherwise, gain made in other environments by
strict and active implementation of the guidelines may be eroded be interacting
sections such that the overall built environment will be re-infected through one
section of the system.

3. Harnessing the environment of maritime logistics sector in the fight
against exposure to and spread of Covid-19: evidences from available
literature

The novel Covid-19 pandemic is seen to be currently ravaging all aspects of life in
global communities; major economic institutions, organizations, industries and sec-
tors. Global and local trend social, political and economic interaction was altered in
favor of online and/or virtual interaction following the introduction of social distanc-
ing and ban on international and local interstate and regional travels in a build to
break the curve of transmission and infection across built environments. In the eco-
nomic sector for example, major anchors of business development and growth as has
been negatively impacted following the lockdown policies of many countries which
caused output losses occasioned by production time losses by many businesses. The
global transport, logistics and supply chain inclusive of the maritime and shipping
logistics sector seem to be worst hit by the pandemic following the lockdown order
and ban on international flights and transportation as well as the mandatory closure of
seaports by many economies to avert the possibility of infection by ships and shipping
crew and airlines from major infected zones of the World. Following the inability of
the global community so far to develop a vaccine for the cure, it has becomes imper-
ative that the built environment, encompassing all aspects of the built environment
including the environment of maritime transport and shipping must develop industry
strategies, policies and regulations in line with the World Health organization (WHO)
standard guidelines as preventive ways for managing and curtailing the spread of the
Covid-19 disease. This is necessary to ensure that different regions of the global
community does not run out of essential goods including drugs and medical equip-
ment and food needed to sustain the fight against the pandemic and to ensure that
factories involved in production of essential goods and services such as pharmaceuti-
cal companies employing imported raw materials does not shot down. The adverse
effects in situation will be enormous. However, to ensure that the opening up of the
seaports and the entire maritime sectors including the use of ships for operations, it
must be ensured that the industry is regulated with regards to the implementation of
developed Covid-19 preventive measures to guard against the infection and re-
infection of settlements and society from maritime operations.

Many literatures have emerged in recent times on approaches to combating the
spread of the disease in various settlement types including work places and the
maritime industry. For example, the Occupational Safety and Health Academy [11],
Oregon, developed a guide for protecting workplaces against Covid-19 infection. First
OSHA [11] identified that the effect of Covid-19 infection in work environment such
as maritime industry ranges from sickness, lockdown and exposure-fear induced
absenteeism from work leading to output losses; change in patterns of commerce such
as decline in consumer interest in certain goods and services as well as interrupted
supply and delivery of shipments occasioned by lockdowns and cancelation of orders
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made from highly infected geographical regions. According to OSHA [11], workplaces
must determine and different jobs with high risks of employee exposure to Covid-19
and classify each job according to the degree of exposure it holds for employing doing
it. Jobs and operations should be classified as have high, medium or low risks of
exposure to Covid-19 while recommendations on approaches to staying safe in each
job risk category is provided to workers in line with standard guidelines. The devel-
opment of an infectious disease preparedness plan is also a necessity for workplaces.
Such a plan according to OSHA [11] may address adequately the need for:

i. Increased rates of worker absenteeism in high risk regions.

ii. Social distancing, adopting work shift strategy where work is staggered for
individual work groups to limit the number of persons working at a given
period to standard number approved by authorities.

iii. Adopting a remote work strategy where possible so that workers can work
remotely from residential settlements.

These among other measures will help to prevent transmission of Covid-19 from
work places to residential settlements and vice versa by reducing the risk of exposure
to Covid-19.

OSHA [11] developed a hierarchy of control types based on their effectiveness for
implementation in organization in the control of the spread of the Covid-19 pandemic
(Table 1).

In another development, the Government of the People’s Republic of Bangladesh
[9] Department of shipping issued instructions to ports and ships on standard prac-
tices for managing and controlling the spread of the Covid-19 pandemic in the mari-
time and shipping sector in the country for the continued operation of ports and

Engineering control Administrative control and safe
work practices

Personal protective equipment

Isolating workers from
sources of Covid-19 infection
by the use of technology:
i. Installing physical
barriers, such as clear
plastic sneeze guards.

ii. Digitalization and e-
commerce platforms that
isolates workers from
physical contacts

iii. Use of robots for
operation equipment
with high risk of
infecting human
operators, etc.

These include Covid-19 work plan
and policy developed by the
employers in each work place in line
with approved government rules to
guide employee behaviors towards
Covid-19 prevention outcomes.
They include:
i. Minimizing physical contact
among workers

ii. Increasing days of worker
absenteeism from work

iii. Developing work shifts strategy
by staggering work hours for
various categories of workers

iv. Maximizing requirement for
employee hygiene, etc.

Correct use of personal protective
equipment PPE involves the use of
employee protective toolkits during
work to reduce the risk of indirect
infection from infected objects.
i. Correct fitting and compulsory
use of PPE e.g. facemask, hand
glove, etc.

ii. Periodically refitted, as
applicable.

iii. PPE should be routine inspected
and repaired if faulty and
replaced when necessary.

Source: Modified from OSHA [11].

Table 1.
Hierarchy of control types for institutional control of the spread of Covid-19.
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shipping companies. The guidelines require a ship calling to any port in Bangladesh to
tender a Maritime Declaration of Health (MDH) at within 72 h before her arrival at
the Port in line with the International Health regulations 2005 and FAL Conventions.
The Master shall at the directive of the local Port port Health authorities provide
specific information regarding health conditions such as temperature chart, crew and
passenger list, current copy of ship sanitation certificate, last 10 ports call list, and list
of all passengers and crew with temperatures above 37.5°C to Port Health office by
email prior to the arrival of the vessel [9]. According the report, false of MDH’s that
does not reflect the factual conditions of health of crew and passengers onboard a ship
cause the master and/or the ship agents to be prosecuted as per applicable laws. See
Tables 2 and 3 for sample of the content information in the MDH.

The report emphasized the responsibility of ship masters to educate crew and
passengers of the symptoms of Covid-19, which include; (i) fever with temperature
above 37.5°C/99.5°F, (ii) runny nose (iii) dry cough (iv) shortness of breath. He
should also take responsibility to check the crew and passengers temperature daily,
isolate confirmed cases and disinfect common areas, rooms and cabins in the ship
before arrival in Ports of Bangladesh. Ports should quarantine for 14 days ships
arriving from ports in infected regions following guidelines provided [9].

Passenger and crew health declaration adopt the format of listing the names and
national of passengers and crew and their temperature conditions as shown below:

The GPRB [9] recommended further steps to be followed in cleaning and
disinfecting ships and surfaces in the seaport to curtail the spread of the Covid-19
disease while assigning specific roles to Port Health organization, port authorities, ship
owners, terminal operators, chandlers, immigration and security agencies operating
ports in the duty of control and managing the spread of the disease in the Bangladesh
maritime sector.

The Nigerian Center for disease Control [7, 8] provided general guidelines for
mandatory institutional quarantining of returnees to Nigeria following the outbreak of
the Covid-19 pandemic. Though this guideline was not specific for maritime industry,
it provided framework for the 14 days quarantining of ship crew members following
change of crew in ports to ensure that both the old set of crew to disembark the ship
for onward movement to their families in residential settlements and the replacing
crew to embark the ship are all proved to be healthy and safe, and as such cannot
transmit and infect the respective new locations in residential and work environments
with the Covid-19 disease. NCDC [7, 8] notes that individuals will only interact with

Name Class
or
rating

Age Sex Nationality Port
and
date
joined
vessel

Nature
of
illness

Date of
onset of
symptoms

Reported
to a port
medical
officer?

Disposal
of case*

Drugs,
medication
or other
treatments

Comments

Source: Adapted from GPRB [9].

Table 2.
Sample Maritime Declaration of Health (MDH).

S/no Name Nationality Temperature Remarks

Source: Adapted from GPRB [9].

Table 3.
Sample crew/passenger declaration of health form.
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approved Covid-19 surveillance officers kitted in appropriate PPE routine monitoring
duties intended to facilitate the early detection of ill health due to Covid-19 and break
the curve of transmission and community infection.

Furthermore, the International Chamber of Shipping [12] took necessary steps to
announce guidelines for ensuring safe shipboard interface between ship and shore-
based personnel including shipyards. The hierarchy of control developed by the ICS
[12] is summarized below:

i. Elimination of Covid-19 hazards onboard. Example is by automating tasks
and working remotely. This is the most effective approach but where it is
impossible, the method of reducing the risk of infection can be employed.

ii. Reduce the risk of infection. This can be achieved by be achieved by reducing
drastically the number of persons needed to carry-out the job onboard.

iii. Communicate. In a situation where the number of persons to carry-pot the
job cannot be reduced and many shore-based personnel and crew must come
in contact, early communication to the job-based personnel is required to get
them ready on the requirements and needs of the ship and for appropriate
action to be taken to ensure the protection of all parties.

iv. Personal Protective Equipment (PPE) both parties must ensure the correct
and compulsory use of recommended PPE.

ICS [12] also provided steps necessary to followed by onboard crew to ensure that
internal transmission and infection does not occur between and amongmembers of crew.

Dietz et al. [13] also examined the influence of the built environment in reducing
the transmission of the Covid-19 pandemic. The study harped on the risk direct and
indirect spreading the virus through the built environment including the School,
markets, malls hospital, recreation centers, religious worship centers etc. outlining
necessary action plan for routine disinfection of objects and control of person-to-
person transmission of the disease in the built environment.

Finally, the International Maritime Organization harped on the need for a common
framework and protocols for joining ship from ordinary residence in one country via
aircraft to ship ship in a seaport in another country as well as a common protocol for
leaving a ship and repatriation from a seaport in one country via aircraft to a seafarer’s
place of ordinary residence in another country. This was to address the challenges
faced by ship-owners in changing crew following the outbreak of the Covid-19 pan-
demic. Further provisions were issued to coastal states, shipping companies and
agents, allied organization by the IMO [14] noting the importance of granting sea-
farers movement pass and access to travel facilities as provider essential services by
national governments.

From foregoing, literature gaps were identified which among other things include
the fact many organizations such as the WHO, NCDC, Departments of shipping, ICS,
IMO, national governments, etc. have issued rules, recommendations, protocols and
guideline for curtailing the spread of the Covid-19 disease in the maritime industry
without identifying clearly a responsible organization in the maritime industry with
responsible to monitor implementation of the guidelines. A holistic approach has not
being followed in developing most of the preventive frameworks suggestive for the
maritime industry, for example, the IMO [14] preventive framework centered more
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on change of crew and the role of government and other organization without con-
sidering among other things the transmission and infection of ships by seaports and
from interactions with residential settlements. The WHO [5] and NCDC [7, 8] pre-
vention and 14 days quarantining measures were is for generality of all institutions
and lacked the consideration of the peculiarity of the maritime industry, thus mari-
time industry specific measures need to be developed but in conformity with WHO
and NCDC guidelines and recommendations. The routes and possible channels of
transmission and infection of ships and residential settlements as it affects the mari-
time industry based in the interactive relationship among stakeholders in the maritime
industry and residential settlements which holds potentials to transmit the virus and
well possibility of infection need to be developed as basis for assessing the risk of
exposure and transmission of the disease so that the various WHO, NCDC, IMO and
other industry frameworks, protocols, rules and guidelines for preventive the spread
of the Covid-19 disease can be effectively implemented along the routes/channels of
transmission. It is the above identified literature and knowledge gaps that the chapter
has tried bridge in the earlier sections.

4. Challenges faced in harnessing the built environment for prevention of
the spread of Covid-19

It is pertinent to mentioned that it is important to harness and built the capacity of
the entire built environment of maritime transport and other modes of transport to
contribute to the fight against the transmission of the Covid-19 pandemic until an
approved vaccine is developed for the disease. However, there exist a plethora of
challenges to fast tracking of the processing and inputs towards improving the capac-
ity of the maritime industry to actualized the dream of limiting the spread of the
disease. Some of these challenges include:

i. Financing the implementation of the preventive measures poses a challenge.
Financial limitations and challenges associated with accessing funds needed to
overcome the cost implications of implementing the maritime industry
general and company specific guidelines for the prevention of the spread of
the disease in line with the WHO and NCDC guidelines. This is because the
Covid-19 pandemic currently has negatively impacted the economies of most
maritime companies and the allied organizations following series of
lockdowns over the past months, leading to output losses. Since
implementing these preventive guidelines (both general, industry specific
and company specific guidelines) requires funds. For example, the cost of
acquisition of sanitary wares and engineering designs as guides against the
spread of the disease has increased over time. This is in the face of lockdown
associated inactivity and output losses in many sectors of the economy.
Therefore, financing the implementation of the preventive regulations and
guidelines in the environment of maritime transport poses a major challenge
particularly for smaller companies and new start ups.

ii. Shift and/or change in work practices may affect productivity levels at least in
the short run. So Covid-19 preventive guidelines adopted in managing its
spread in the work environment such as the strategy of staggering work hours
for different employees in a given firm and redesigning the work
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environment to conform Covid-19 preventive plans may lead to shift
(decline) productivity at least, in the short run. Thus this will influence the
decision of what guidelines to fully implement and to what extent by firms.

iii. Implementing the Covid-19 preventive guidelines in the wide maritime
industry is important. It will however imply a drastic behavioral change aimed
at eliminating risky behavior. This will in turn influence and/or require in
change in worker attitude towards and during work which cannot be instant.
Thus training and retraining on the best alternatives action plans to prevent
the spread of the disease in necessary and the absence of the capacity to train
and retrain with the associated patience needed to get employees develop
required work non-risky worker behavior is a challenge [15].

iv. Finally, time constraint also poses a challenge since the rate of spread of the
pandemic requires immediate action by relevant stakeholders in combating it.
Time lag in implementation of for example, engineering designs as
recommended by OSHA [11] may increase the spread of the disease within
the industry and the interacting settlements and built environment types.

5. Recommendations

1.From the foregoing, it is obvious that the maritime industry does not constitute
solely of ships, port authorities and shipping companies. Therefore frameworks
for prevention of Covid-19 transmission solely from the perspectives of the trio
cannot sustainably guarantee the safety of the industry and the allied sectors
from the disease. All frameworks for the prevention of the transmission in the
maritime industry must be holistic enough to encompass all the allied sectors,
including but not limited to customs and other government agencies, freight
forwarders and multimodal transport operators, ship chandlers, shipyards, and
all stakeholders and sub-components of the maritime sub-sector.

2.All components and sub-components of the maritime industry and operators
must commence by first identifying based on their specific model of interaction
the likely internal and external routes/channels of spreading the Covid-19 disease
within, to and by the organization. Specific company and/or industry regulations
and guidelines cum the general standard guidelines can now be implemented
following the identified likely channels of transmission in line with WHO and
local center for disease control (CDC) guidelines.

3.Exposure risk assessment should form the first basic task to be carried by all
industry stakeholders to determine the level of exposure while standard
guidelines can now be subsequently applied.
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Chapter 4

Principles of Sustainable Logistics
Baha M. Mohsen

Abstract

Effective logistics largely contributes to the success of business through quick 
deliveries in minimum time and cost. Logistics is the process of getting material, 
product, and service where and when they are needed. When addressing the concept 
of sustainable logistics, it is important to consider the three dimensions of sustain-
ability: economic, social, and environmental. Sustainable logistics is beyond going 
green and being environmentally friendly, it has an influence on manufacturing 
processes, starting from where raw materials are obtained, processes involved, use, 
and potential recycling of the product or service. In analyzing the problem of evaluating 
logistic operation performance, sustainability will be one among other criteria for 
evaluation. Selecting a logistics partner who cares about sustainability will help in 
achieving company’s strategy. The chapter discusses the concept of sustainability 
applied to logistics. From the main definition of the logistics system, which includes 
the flow of materials and information, to the goal of sustainable logistics, which 
includes increasing profitability and reducing the environmental impact. Sustainable 
development involves coordination between environment and economics to reach 
social, economic, and environmental sustainability. The chapter aims to help manag-
ers, practitioners, scholars, and students to understand the key attributes of sustainable 
logistics and supply chain in general.

Keywords: logistics, sustainable logistics, green logistics, sustainable development, 
multi-criteria decision making, environmental sustainability, economic sustainability, 
social sustainability

1. Introduction

Every aspect of our lives includes some form of supply chain and logistics, so the 
impact of these activities on the environment is of significant importance. The objec-
tive of this chapter is to introduce principles and practices that facilitate sustainable 
logistics operations in a holistic manner and consider factors of logistics affecting 
the natural environment beyond the usual factors of distance traveled, fuel use, and 
carbon dioxide (CO2) emissions that have been well discussed in freight transportation 
literature. Global business is more dominant these days, for example, many manufac-
turers produce their goods in lesser-developed countries, and then shipped all around 
the world. This requires global logistics to ensure timely and efficient global distribution 
of goods from producers to consumers. Logistics and supply chain management 
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(SCM) activities have a significant economic impact on countries and their societies. 
Grant et al. [1] reported these activities accounted for 8.3 percent of US gross domes-
tic product (GDP) or US $1.45 trillion in 2014 and 6.8 percent of GDP (€876 billion) 
across the European Union’s (EU) 27 countries in 2012.

This chapter covers sustainable logistics. It starts by presenting an overview of 
logistics in the second section. The third section discusses the basics of sustainable 
development and sustainability. The fourth section introduces the basic concept of 
sustainable business as minimizing costs, which covers the three aspects of business: 
environmental, financial, and human. The fifth section discusses sustainable supply 
chain and logistics. As business is becoming more challenging these days, companies 
need to be aware of and practice sustainable supply chain management to stay 
competitive. Sustainable supply chain management is about environment protection, 
social responsibilities, economic growth, and profitability in the long term. It wraps 
up with a brief section on the evaluation of logistic operations. In addition to cost and 
speed criteria, sustainability should be introduced in the evaluation criteria.

2. Logistics

Effective logistics largely contributes to the success of business through quick 
deliveries in minimum time and cost. Logistics is the process of getting material, 
product, and service where and when they are needed. It works to determine the 
temporal and spatial positioning of raw materials, work in progress, and finished 
inventories where they are needed and when they are required. Logistics can be 
categorized into subsistence logistics, operation logistics, and system logistics. 
Subsistence logistics is concerned with the basic human needs of food, clothing, and 
shelter within any given conditions, and it provides the foundation of operations 
logistics. Operations logistics goes beyond subsistence to systems involved in produc-
ing luxuries; it incorporates the raw material required by the enterprise in the produc-
tion. System logistics includes all resources required in keeping a system in operating 
condition. These resources include personnel, test and support equipment, spare 
parts for maintenance, technical publication, and facilities. Thus, logistics systems 
consist of four main activities: purchasing management, inventory management, 
warehousing management, and transportation management.

Logistics is defined by the Council of Logistics Management (CLM) as “the 
process of planning, implementing and controlling the efficient, effective flow and 
storage of goods, services and related information from the point of origin to the 
point of consumption for the purpose of conforming to customer requirements” [2].

Effective logistics minimizes the cost of transportation, inventory, material 
handling, and other distribution-related activities. In light of the new trends in 
business, logistics have gained great importance. New trends include high production 
efficiency, change in inventory philosophy, high transportation cost, production lines 
replication, propagation of computers and technology, retails fast-growing, globaliza-
tion, and reduction in economic regulations. Efficient logistics systems throughout 
the world business are a basis for trade and a better economy. It allows a geographical 
region to exploit its inherent advantage by focusing its productive efforts on those 
products in which it has been an advantage, which will result in competitive produc-
tion cost, logistics cost, and quality compared to other regions.

Global logistics is growing and playing a vital role in international business. It 
ensures timely and efficient global distribution of goods from producers to consumers 
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through a connection of critical components of the supply chain from a product’s 
point of origin to its point of consumption. It was reported that global container trade 
has increased on average 5 percent per year over the last 20 years and at its peak in the 
mid-2000s comprised 350 million 20-foot equivalent units (TEU) a year [1].

Advancements in information technology and communication, transportation and 
material handling, and high volume data processing and transmission are revolution-
izing logistics control systems. The use of big data tools in logistics and supply chain 
management gives great advantages as it provides better decision making, improved 
efficiency, cost reduction, better risk management, and better visibility and com-
petition [3]. Communication technology enables better, faster, and reliable supply 
chains, communications take place between any firm, suppliers, customers, and other 
members involved in the chain.

3. What is sustainability?

Different people or organizations might have different understandings or definitions 
for sustainability, depending on their area of specialty or function. Many people think 
the word sustainability is synonymous with “going green,” or limit their understand-
ing of sustainability to the environment. However, the word sustain means causing or 
allowing something to continue over a period of time. In the same logic, an unsustain-
able process or act assumes that it will come to an end sooner rather than later. The 
World Commission on Environment and Development (WCED), known by the name 
of its Chair, Gro Harlem Brundtland, published its report “Our Common Future,” 
in 1987 [1] and proposed the concept of sustainable development as an ideal for the 
global economy and corporations. Sustainability was defined as development that 
meets the needs of the present generation without compromising the ability of future 
generations to meet their needs. Based on the WCED definition of sustainability, 
focusing only on the environmental aspects of sustainability is short-sighted and par-
tial. In addition to the environment, sustainability embraces several arenas including 
economics, materials, industry, human behavioral science, laws and legislation, social 
sciences, and finance, as depicted in Figure 1.

Figure 1. 
Arenas of sustainability.
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To achieve sustainable development, there are three goals that need to be fulfilled: 
waste elimination or minimization, optimization of resources, and cost minimiza-
tion. Achieving the three goals will lead to environmental sustainability, economic 
sustainability, and social sustainability, which are the three pillars of sustainability. 
From a business viewpoint, sustainability is about reducing costs in every conceiv-
able form, which will lead to profitability, competitiveness, and continuity. These 
costs consist of the costs of raw materials, waste, deficits in resources, poor product 
design, inefficient production process, climate change, and unemployment. These 
costs can be grouped into three categories that represent the three aspects of business: 
Environmental, Economic, and Social.

4. Sustainable business

Sustainable business is about minimizing costs, which covers the three aspects of 
business: environmental, financial, and human. There are several challenges business 
need to consider to better compete in the market. The volatile energy prices is a major 
challenge for business, all options need to be considered to reduce the energy bill and 
consequently the business’s dependence on oil. The prices of raw material increases 
due to increase in the world’s population. Increases in waste and disposal costs are 
becoming critical to business. Most countries of the world have passed laws and regu-
lations for waste regulation and recycling. Plastic, cans, papers, and other recyclable 
materials are kept away from landfill sites to avoid waste. The legislation to control 
CO2 pollution is active in many countries, manufacturers and industrial companies 
not only face a real challenge to keep their level of CO2 within limits, but investors 
are avoiding investing in companies that are not willing to comply and watch the high 
cost of change in environment. Customer and business demands and expectations 
are becoming different, buyers are so much aware of prices and sustainability initia-
tives. Retailers are concerned with their supply chains, where the majority of their 
environmental footprint is centered. They are interested to optimize prices of energy, 
material, and supply chains. Companies that are committed to low-cost sustainable 
operations gain the best market share; this will put such companies on a competitive 
advantage compared to others. Nowadays, customers expect companies to be trans-
parent, which is done through two channels: voluntary where information passing 
from company to customers, or involuntary where information is shared by consumer 
watchdog groups. There are companies that are making it possible for customers 
to have online access to follow up on products from concept to material sourcing, 
to manufacturing and delivery. Companies share ingredients of their products by 
providing online lists.

Commitment to sustainability helps companies to recruit, and retain smart 
employees who think about things other than money. Those employees work with 
pride and purpose, want to feel the ability to make difference and accomplishment. 
The longer a company takes an action, the higher the cost is, and the further behind 
it will be in terms of market share, profitability, and innovation. Hidden costs exist, 
such costs could be building-related low productivity, and sickness resulting from 
poor ventilation and lighting. In addition, there are costs related to laying off employ-
ees, which include the loss of investment in human capital, economic and social 
ex-communication, and reduction in national economic growth.
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5. Sustainable supply chain and logistic

As business is becoming more challenging these days, companies need to be aware 
of and practice sustainable supply chain management to stay competitive. Sustainable 
supply chain management is about environment protection, social responsibilities, 
and economic growth and profitability in the long term. Figure 2 depicts the relation-
ships between the three goals that need to be fulfilled: waste elimination or minimiza-
tion, optimization of resources, and cost minimization, sustainable development 
with its three dimensions: economic sustainability, environmental sustainability, and 
social sustainability, and sustainable logistics with its components: logistics concepts, 
methods, and functions. To achieve sustainable development, integration of its three 
dimensions is required; any defect in the three dimensions of sustainable develop-
ment will not lead to its achievement. Logistics is involved in all aspects of business 
as well daily life of individuals. Sustainable logistics is tied to sustainable develop-
ment in general, sustainability criteria should be included in the logistic evaluation, 
in addition to another criterion such as cost and speed. Sustainable logistics is at 
the intersection of its concepts, methods, and functions. The goal is to eliminate 
environmental problems in the areas of logistics, which can be achieved by eliminat-
ing or minimizing negative impacts of logistics on the environment. Starting from 
the concepts, these activities include designing sustainable packaging, and reuse of, 
recycling waste, reducing energy and the pollution caused by transport.

Several concepts and terms of logistics resulted from strict environmental 
regulations. Reverse logistics is defined as “the process of planning, implementing 
and controlling the efficient and cost-effective flow of raw materials, semi-finished 
and finished products, together with the related information flows, from the point 
of consumption to the point of origin, in order to recover the value or proper 

Figure 2. 
Sustainability framework.
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management” [4]. Disposal logistics – “the application of the concept of logistics 
for the residue, to induce their efficient, economically and ecologically, movements, 
while the space-time transformation, including changes in the amount and type of” 
[5]. Recirculation logistics – “suggests that product or packaging, is circulated repeat-
edly in a closed-loop supply chain” [6]. Downcycling – “process of waste or useless 
products transformation into new materials or products, having lower quality and 
functionality” [6]. Green logistics is defined as a “management approach” aimed at 
minimizing the negative impact on the ecosystem of logistics flows. The problems of 
excessive environmental degradation concern companies, operating in each market 
sector. In particular, however, apply to freight forwarders and carriers. The concept 
of green logistics associated with the strategy consists in the use of their resources in 
the most efficient and environmentally friendly way. It is a trend that stems from the 
need to care for the global environment [7].

Logistics includes “efforts to acquire materials and finished products distribution 
to the right place, at the right time and in the right amount. Typical elements of the 
logistics system are customer service, demand forecasting, distribution communica-
tions, inventory control, warehousing, procurement processes, parts and service 
support, site selection magazine, shopping, packing, handling complaints, waste 
management, transport, and storage” [8]. To improve logistic operations, companies 
collaborate with suppliers, shippers, distributors, and customers. As a result, logistic 
cost will be reduced and business performance will be improved.

Sustainable supply chain management covers all activities, functions, processes, 
and relationships, where materials, products, services, information, and monetary 
transactions move among enterprises. The first step in the implementation of sustain-
able supply chain management starts with product design. In addition to optimizing 
quality and cost, the design will allow recycling of products. Sustainable production is 
the second step, which can be achieved through utilizing clean production methods, 
use of new technology, reducing raw materials, and resources. Sustainable marketing 
helps companies to enhance their relationships with stakeholders. Maintaining bio-
logical balance, paying more attention to environment, and waste management leads 
to cost reduction and improved competitiveness. Sustainable transportation is a major 
element in achieving sustainable supply chain management. Utilizing renewable 
energy, modes of transport, infrastructure, and operational management practices 
can be considered to achieve sustainable transportation. Sustainable purchase leads to 
minimizing waste, hazardous materials, and sources of pollution.

Hammer and Somers [9] discussed concepts that provide possibilities of using 
resources more productively. The lean methods involve following a product through 
factory or service operation with the objective to reduce waste of energy and materi-
als. Unlike profit per ton, the concept of profits per hour takes into account the time 
dimension in production process. This concept enables companies to make wise 
decisions and choices regarding resources and productivity.

Advanced analytic techniques help companies navigate and sort within different 
variables such as equipment configuration, raw materials, and process changes. 
Comprehensive change management effort is required for resource productiv-
ity, which ensures that employees create more value from less. Think circular is a 
sustainable logic that creates new value for companies and societies. This logic relies 
on looping products, components, and materials back into the production process.

Rothenberg [10] promoted the concept of “servicizing,” where suppliers could 
focus on providing services instead of selling products as their business models. 
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This will lead to reduced material use as a strategic opportunity. This is in line with 
the World Commission on Environment and Development definition of “sustain-
able development.” The author presented the case study of three companies; Gage 
Products, PPG Industries, and Xerox. The three companies are taking the servicizing 
approach; they adopted business models that help customers purchase less of their 
products. The three companies have attracted new customers with their new business 
models. In addition, they have built stronger customer relationships. This closure 
customer relationship has led to expanding the range of products they sell, attracting 
new customers who are impressed with the company’s sustainable social commit-
ment, and usually, customers are less likely to change suppliers.

Similar to other large-scale initiatives for change, moving to servicing is faced 
with challenges. Changing the culture from selling more products to helping 
customers to use fewer products is not an easy task. There will be internal resistance 
at different levels to this change. Managing this change falls into six categories: 
(1) utilizing existing strengths (2) restructuring profit in contractual agreements 
(3) introducing the new business model (4) new incentive schemes (5) introducing 
new skills and (6) expressing major significance and special interest of environ-
mental advantage.

Paine [11] discussed the importance of corporate responsibility to their long-term 
success. Nike’s corporate committee’s role in supporting innovation was described. 
The committee was created in 2001 as a result of board member Jill Ker Conway’s 
lobbying. The committee advises on issues such as labor practices, resource sustain-
ability, innovation, and acquisitions. The author concluded that corporate responsi-
bility committee could help companies in several ways such as a source of knowledge 
and expertise, accountability, driver of innovation, a source for the full board and 
constructive critic.

Nidumolu et al. [12] discussed the idea of collaboration, as is a necessity for 
business sustainability. They introduce four models for systematic sustainability 
using case studies. The models have two common features; stakeholder inclusion 
and innovation in either operating processes or business outcomes. Companies can 
work together on issues such as climate change, depletion of resources, and ecosys-
tem. Two types of collaborations focus on business processes and outcomes. First, 
is corporate collaboration, which includes all players in business such as manu-
facturers, suppliers, distributors, and retailers. Second, extended collaborations, 
which covers business and non-corporate partners such as government, NGOs, 
and academics.

Companies can identify and share operational processes that will minimize 
consumption of resources and waste, which will lead to natural resources protec-
tion. In addition, companies can share defined outcomes that minimize environ-
mental impact. To explain the proposed models, the authors discussed several case 
studies. Processes were the center of corporate collaborations in the case of Dairy 
Management Inc. and case of an action to accelerate recycling. The corporate col-
laboration’s focus was on outcomes in the case of sustainable coalition, and Latin 
American water funds partnership.

Authors stated seven next practices for successful collaborations in sustainability. 
(1) Starting with small committed group (2) link self-interest to shared interest (3) 
monetize system value (4) create a clear path with quick wins (5) acquire independent 
project management expertise (6) build in structured competition, and (7) nurture a 
culture of trust.
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Doorey [13] describes the case study of Nike and Levis. The contribution of 
factory disclosure was evaluated, and tracking the change from resistance to trans-
parency in supply chain was tracked. Information disclosure is a tool that is used in 
business and it affects its behavior. Business leaders can change harmful behavior 
with transparency and empowering private watchdogs. This is clear from the private 
movement that took place in the late 1990s to pressure corporations to disclose and 
declare their global suppliers. It was believed that such disclosure would improve 
working conditions and labor practices. For example, Nike and Levis published their 
suppliers list in 1995, which was a surprise to the business community. Information 
systems were introduced to track information about labor practices including global 
suppliers’ databases.

Unlike Nike and Levis, many other companies are not welcoming the idea of 
supplier transparency. Some of these companies cannot track their suppliers, which 
will lead to ignorance of labor practices. In such case, the role of private actors 
becomes essential to apply the needed pressure to create transparent supply  
chains.

New [14] discussed the importance of transparent supply chain. When supply 
chain is not transparent, trouble will arise. Many companies consider provenance very 
important, H&M for example declares that labor practices and environmental effects 
of its suppliers’ suppliers are very important. Origin is considered an important and 
essential feature of what a customer may buy. Companies such as Wal-Mart are using 
new technologies to provide origin data. For example, bar codes that can be read with 
mobile phones, genetic markers for agricultural products and labeling have been 
transformed by microscopic electronic devices.

Customers have an interest in origins and authenticity. Providing them with infor-
mation about provenance will become part of the marketing strategy. Provenance is 
important on downstream and upstream sides of the supply chain. Both customers 
and suppliers can access this internet of things that gather provenance information.

6. Evaluation of logistics

Until recently, logistic operations were evaluated based on cost and speed criteria. 
The situation is different now, where sustainability was introduced in the evaluation 
criteria [15]. Logistics is a human activity and impacts the environment through its 
components purchasing, inventory, warehousing, and transportation. Decision-
making becomes more important in logistic and supply chain management, which 
may vary from single quantitative criterion to multi-criteria problems. Many prob-
lems in logistic management such as supplier selection, purchasing, manufacturing, 
distribution, collaboration, performance management, and design are covered by 
suitable multiple criteria decision-making approaches. Mohsen and Murat [16] devel-
oped an analytical hierarchy process (AHP) methodology to perform a multi-criteria 
evaluation of freight forwarders. It analyzes different criteria that would be employed 
in the evaluation and selection of forwarders.

Companies’ competitiveness rely on their ability to ship their products around 
the globe at the right time in a perfect physical situation. It is suggested that logistic 
evaluation is based on a multi-criteria in terms of transit time, quality of service, 
expertise and specialized service, network, competitive prices, technology and 
information, and sustainability criteria.
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6.1 Quality of service

In logistics, quality of service is not about responding to emails or calls anymore. 
The quality of service pertains to such areas as expertise in providing relevant 
services, ability to work with one point of contact, meeting unique customer require-
ments, dependability and assurance of the international shipping service, flexibility 
and ability to provide a wide range of services, and meeting deadlines. Quality of 
service is about supporting customers to gain a competitive edge against their com-
petitors by using innovative systems, utilizing big data, and advising on the market 
conditions and logistics trends. Huang et al. (2019) explore some practical business 
solutions to enhance customer service level of the international freight forwarders. 
Providing high-quality service is a key objective in this business sector to enhance 
customer satisfaction since competition is extremely critical.

6.2 Specialized service

Ability to provide specialized service is very critical for customers needing special 
and expert handling of their sensitive cargo. For example, the shipment of a pharma 
product requires a forwarder who knows the regulations and has proven record 
experience in handling pharma when it comes to temperature monitoring during the 
shipping and warehousing requirements.

6.3 Network

Network for the logistics partner is defined as the existence of the company around 
the globe. It is important to deal with a company that has a strong network around 
factories to the distribution centers to make sure they guarantee space for cargo, and 
on the other hand to be committed to the agreed transit time. Network dimension 
concerns such factors as international deployment, number of branches worldwide, 
and number of countries in which the international shippers are represented.

6.4 Competitive price

Price might be critical to some industries, especially for low-value products. 
Hence, customers seek the most competitive rates in the market to increase their prof-
itability. On the other hand, other industries’ shipping pricing might not be as critical 
as for pharma and high technology because of the need for special handling and 
expertise which might not be available in all logistic companies. So, you need to check 
your industry and value of your product before negotiations. In all cases, the ability to 
offer service with attractive prices will continue to be an important criterion.

6.5 Information and technology

No doubt that technology is so important nowadays, finding a partner with 
advanced technology would help to have efficient and effective operations. The ability 
to access and interface with the international shippers’ information technology is 
a very important factor in evaluating the freight forwarder. Finding a partner with 
advanced technology will give the company a competitive edge against your competi-
tors by utilizing their big data.
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Some shippers have really advanced technology to level that they have platforms, 
which allow you to predict the economy for every quarter of the year per region by 
utilizing the big data of logistics (import & export), this will be very helpful, espe-
cially for newly launched products.

6.6 Sustainability

Saving the environment is everyone’s concern nowadays, all companies giving 
more attention to sustainability and they made a lot of initiatives to save environment. 
Finding a logistics partner who cares about sustainability will help the company in 
its strategy. Some of the logistic and transport companies generate reports for CO2 
emission, which will help you in your strategy.

7. Conclusions

Logistics is a required function for all types of businesses. It covers many actions 
and activities performed by the companies involved in managing the flow of raw 
material, unfinished products, and final products. This wide range allows to intro-
duce and use many tools, solutions, or actions that led to the creation of Sustainable 
Logistics Management term.

Sustainability is the future for logistics and supply chain businesses. It is important 
to understand the level of social, environmental, and economic impact and viability 
that suppliers and customers have. It is beyond going green and being environmen-
tally friendly, it has an influence on manufacturing processes, starting from where 
raw materials are obtained, processes involved, use, and potential recycling of the 
product or service. In analyzing the problem of selecting a freight forwarder, sustain-
ability will be one amongst other criteria for evaluation. Selecting a logistics partner 
who cares about sustainability will help in achieving company’s strategy. Some of the 
logistic and transport companies generate reports for CO2 emission, which will help 
in achieving specific targets and strategies.

As business is becoming more challenging these days, companies need to be aware 
of and practice sustainable supply chain management to stay competitive. Sustainable 
logistic and supply chain management is about environment protection, social 
responsibilities, and economic growth and profitability in the long term.

In addition to cost and speed criteria, sustainability should be introduced in the 
evaluation criteria. It is suggested that logistic evaluation is based on a multi-criteria 
in terms of transit time, quality of service, expertise and specialized service, network, 
competitive prices, technology and information, and sustainability criteria.
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Chapter 5

Advances in Inventory Control
M. Rameswari

Abstract

Inventory control is an important part in logistics, which could manage the 
inventory by making revenue to keep continuous moving on to strengthen logistics 
and inventory management activities. The desired results and ensure measurable 
targets are set to drive the right decisions across the organization. The objective of the 
proposed model is to take into account the distributed block chain ledger system in 
industry. Block chain technology on inventory management will become a good trace-
ability system. The impact of such digitization will be a very effective and efficient 
process that facilitates transactions for all industry people in the network.

Keywords: inventory, cost of inventories, production inventory, backorder inventory, 
inventory management, block chain technology

1. Introduction

Inventory control plays an important role in running a business smoothly and 
ensuring a better economy for the company. Inventory is in the form of raw material, 
finished goods, or semifinished goods, etc., which are supplied to the customers at 
right time according to their need. A business needs to implement inventory control 
so that it can produce an optimum level of inventory and avoid excess inventory, 
minimize loss due to obsolescence, deterioration, and meet demand fluctuations. 
Inventory control is the process of ensuring to keep surplus, scrap, and obsolete at the 
minimum level, minimizing the shortage is due to nonavailability of stock at the right 
time, and with minimum holding cost.

2. Inventory control

Maintaining inventories is one of the most important issues in logistics supply 
management because it keeps the physical presence of the materials for future use. 
Inventory control in the industry is the process of maintenance of the stock to meet 
customer demand in terms of quantity and quality. The industry must have good 
inventory control, which is a common challenge in making the right decision for 
effective inventory management. Inventory management supervises the flow of goods 
from manufacturers to warehouses.

Inventories are stock piles of raw material, finished goods, or semifinished goods, 
etc., used in organization. On the other hand, in some industries such as high-tech 
industries, it is noted that components’ cost is decreasing at a sustained rate.
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Due to the fluctuations in demands and lead time, the industry has to make 
 decisions depending on the inventory.

1. How much to order?

2. When to replenish?

2.1 Cost of inventories

There are different types of costs to maintain in inventory, which are discussed in 
the following.

2.2 Ordering cost

The fixed cost of order quantity includes the postage, advertisements, consump-
tion of stationary items, telephone charges, transportation, and incurred traveling 
expenditure and so on.

2.3 Holding cost

The cost associated with holding the goods in stock is called the holding cost. This 
cost includes the costs such as rent for space used for storage, facility maintenance, 
and related costs, insurance, taxes, breakage, pilferage, communication costs, and 
utilities, besides the cost of human resources employed in operations as well as 
management and warehouse overhead also depend on the value of the inventory.

2.4 Shortage cost

The cost associated with the items for running out of stock. That is, there is no 
inventory in stock. This cost includes the loss of potential profit through sales of items 
and loss of goodwill. It will cause the permanent loss of customers, which may cause 
the lost profit in future sales.

Optimal order size Q*

Cost

TC*

Ordering Quantity

Ordering Cost

Figure 1. 
Graphical representation of optimal order size and minimum total annual cost.
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2.5 Revenue cost

The expensive cost in inventory incurred when an organization earns revenue by 
selling its products/services to the customers. It is the total cost of production and 
delivering a product or service to consumers. See Ref. [1]

If number of orders is increased, the ordering cost will be high, but the holding 
cost may be low. If the number of orders is decreased, the ordering cost will be low, 
but the holding cost may be high. Optimal order quantity is that order quantity that 
minimizes the total annual cost of ordering inventory and cost of holding inventory. 
See Ref. [2]. If the ordering cost and holding cost are equal, then the total annual cost 
is minimum as shown in Figure 1.

3. Important factors in inventory control

3.1 Demand

The number of units required per period is called demand. The demand pattern of 
a commodity may be either deterministic or probabilistic.

3.2 Lead time

The time gap between placing of an order and its actual arrival in the inventory is 
known as lead time. The inventory level of an item depends upon the length of its lead 
time.

3.3 Deterioration

A change or loss in the original value of the product is caused by certain 
factors that can worsen or damage the product. This is known as deterioration. 
It is common in goods such as vegetables, food products, dairy products, fruits, 
pharmaceutical products, etc. These items have less life time due to deterioration 
process.

Some products such as dried fish, usage of which may increase over time in an 
inventory level, or some products such as fast-growing animals by which its value in 
quantity to make better or increase their inventory level is known as amelioration. 
In stored items, the inventory may be affected by degrading or may be affected by 
upgrading their value to increase their size or increase their stock by both opposite 
activation such as deterioration or amelioration.

3.4 Backlogging

A certain quantity of products required more than the available stock, resulting 
in a customer demand that was not met. It causes a product shortage, and the cost 
associated with this shortage is known as the shortage cost.

Excess demand is sometimes met without causing inventory to be depleted 
before the next replenishment. Backlogging is the term for when a demand is met 
but not yet fulfilled. To prevent losing goodwill customers, the shortage is some-
times partially filled with higher administrative costs. This is referred to as partial 
backlogging.
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3.5 Order cycle

The time period between placements of two successive orders is referred to as an 
order cycle. There are two types of inventory review systems.

3.6 Continuous review

In this system, the inventory levels are viewed continuously until it reaches a 
specified point where new order is placed.

3.7 Periodic review

In this system, the inventory levels are viewed at equal time intervals and orders 
are placed at such intervals.

3.8 Time horizon

The time period over which the inventory level will be controlled the time horizon.

3.9 Inventory models

There are two types of inventory models: deterministic models and probabilistic models.

Based on business nature, inventory can be classified into two ways. One is 
production inventory and another one is trading inventory.

3.10 Trading inventory

The trader holds the trading goods inventory in organizations.

3.11 Production inventory

Production industry focuses on stock valuation, stock management, and stock 
control. Production inventory used raw materials in production, the semifinished 
goods in the warehouse, and finished goods are ready to sell. The production system 
produces different types of products, and it is supplied into different warehouses. 
This system maintained a sufficient raw material in storage for smooth running of an 
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enterprise. This inventory needs to take practice for keeping enough stock on hand so 
the production process can run effectively.

Processing of each product type is carried out in lots of units, and finished lots 
are placed in the warehouse. Lot processing time is deterministic. Failures may occur 
during the production process when the production facility is busy. Times between 
failures are exponentially distributed with average units.

Production inventory is further classified into three inventories. There are raw 
materials, work-in process, and finished goods.

3.12 Raw materials

Raw materials can be commodities or components that are used in the production 
of goods and finished goods inventory. It can be classified as either direct materials or 
indirect materials. Material cost adds in production with the manufacturing overhead 
to calculate the raw materials inventory.

For example, automobile companies purchase various kinds of metals such as 
steel, aluminum, resins, copper, lead, and platinum from various suppliers that are 
used to make finished goods. i.e., cars. Flour is considered as indirect materials in 
bakery company to make finished products such as bread, pasta, crackers, many 
cakes, and many other foods are made using flour.

Raw materials include oil, lubricant, light bulbs, screws, nuts, bolts, etc., which 
are the examples of indirect raw materials.

3.13 Work-in-process

It is defined as the goods that are in different stages of production in production 
process. Products have been partially completed in the production cycle. Sometimes, 
products are waiting to be assembled and sold. Inventory level of work-in-progress 
should be kept as low as possible, which gives better returns to the industry. It can be 
avoided to lock up the capital of the enterprise.

3.14 Finished goods

Products are completely finished, which are ready for sale in the production process. 
That is, finished goods inventory is in stock that is available for customers to purchase. In 
production industry, the product is first made and then sold to the buyers or the received 
order is first, and then it is manufactured as per requirements with some specifications.
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3.15 MRO

MRO represents the maintenance, repair, and operation supplies. These are 
materials, equipment, and supplies used in the production process at a manufacturing 
plant but are not part of the finished goods being produced.

3.16 Transportation inventories (pipeline inventories)

Transportation inventories are that inventory items are shipped from one distribu-
tion center to another, and significant amount of time is consumed in the transship-
ment of items.

3.17 Buffer inventory

It is an extra stored volume of products, which is kept to meet uncertainties of 
demand and supply. It is used to reduce the incidence or severity of stock-out situa-
tions in sales and thus provides better customer service.

3.18 Anticipation inventory

Anticipation inventory is an extra finished products or raw materials that a 
company must keep such inventory on hand to meet expecting a change in customer 
demand in the near future. This stock would provide benefits to companies by satisfy-
ing their customers if there is a surge in demand. These are built up in advance for the 
reason of large sales, a promotion program, or a plant shutdown period. It keeps men 
and machine ready for future needs. For example, keeping crackers well before Diwali 
or air coolers or air conditioners before summer.

3.19 Decoupling inventory

It is a type of inventory that is of use to store inventory. It is used to meet purchase 
orders in the case of inventory production slowing or stopping. If various production 
stages operate successively, then the breakdown of one or many may affect the entire 
system. This kind of interdependence is not only expensive but also disruptive for the 
entire system. The inventories used to reduce the interdependence of various stages of 
the production system are known as decoupling inventories.

3.20 Lot size inventory

It is the quantity of an item ordered for delivery on a specific date or manufactured 
in a single production run. That is, the amount of quantity produced/purchased dur-
ing single production cycle. These inventories are stored in advance rather than the 
exact amount needed at a given time.

3.21 Backorder inventory models

A customer wants a new model two-wheeler bike Yezdi Roadster’22 model. It is not 
available in the stock in motor cycle show room. However, if the customer is willing 
to wait a few days or weeks, the retailer is able to order the bike. This type of shortage 
is called as backorder. In this backorder situation, the customer waits until the order 
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arrives and then order is filled. The retailer should maintain a short period of waiting 
to receive the order and which is delivered immediately. The negative inventory level 
is occurred or incurred during the back order. It incurs a backorder cost in terms of 
the labor cost and special delivery cost while handling the backorders. In backorder 
situation, the retailer should maintain a goodwill customer or to avoid loss of good-
will because some customer will have to wait for their orders. If backorders can be 
tolerated by the customers, the backorder cost measures associated with the loss of 
goodwill when a customer wait for an order. See Ref. [3].

The items with high backordering costs will be handled with few backorders. 
Allowing the optimal number of planned backorders is projecting a minimum 
percentage savings in cost from the no shortage in inventory model.

3.22 Lowering inventory cost

As teamwork, coordination, and improvement of information sharing, opportuni-
ties are available for better cost control in the operation of inventory system. Some 
industries have a contract supplier under which the supplier regularly gives informa-
tion regarding the status and schedule of upcoming production runs. The supplier’s 
information concerning scheduled production runs provides a better understand-
ing of the lead time involved for a product and the resulting lead-time demand. 
Information sharing by the supplier thus enables the order quantity, reorder point 
system to operate with a lower inventory holding cost.

Inventory may be checked and orders placed on a weekly, biweekly, monthly, 
or some other periodic basis. When a firm or business handles multiple products, 
the periodic review system offers the advantage of requiring that orders for several 
items be placed at the same present periodic review time. Some periodic review time 
with this type of inventory system, the shipping and receiving of orders for multiple 
products are easily coordinated.

3.23 Inventory management system

The industry bears a great deal of responsibility for producing high-quality goods 
by using appropriate natural resources and ensuring that they are delivered in good 
condition at the appropriate time. There are always some central issues such as preser-
vation maintenance, product quality, and the need for good production in warehouse 
management. The right use of good products not only maintains good health but 
also makes it economically viable. It is more expensive to produce and distribute 
good-quality products than to produce low-quality items.

Some industries facilitate to use the advance technology for producing good 
quality of the products that stimulate the customers to buy quality products. This 
is because it does stick or seal on the product that provides the best-quality coating 
products. This technology would reduce product losses and increase the number of 
products available, ensuring the highest possible quality of products.

Many industries face a challenge in bringing good products to market with storage 
facilities using safety techniques to reduce perishability. Some technology is used to 
preserve liquid products and the industry invests in the cost/benefit of technology, 
which improves quality and reduces the rate of spoilage with good products.

Inventory management is affected by many factors such as unwanted defective 
items through processing, large quantities of stored products, improper distribution 
to distribution centers. Inventory requires more attention to allocating the right space 
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to store products, preserving maintained goods, and fluctuations in the timely deliv-
ery of products. By holding an eye on inventory, the decision-makers can maintain a 
list of stock and what products are monitoring credits and remain in the warehouse. 
Because of the complexities of goods stored in warehouse with external technology, 
inventory systems must pay more attention to reduce the emission and power con-
sumption in the processing industry. Inventory systems require accurate information 
about the inventory of goods to avoid the loss of inventory, creating more than profits.

In more general terms, the focus of the just-in-time philosophy is on avoiding waste 
wherever it might occur in the production process. One form of waste is unnecessary 
inventory. Others are unnecessarily large setup costs, unnecessarily long lead times, 
production facilities that are not operational when they are needed and defective 
items. Minimizing these forms of waste is a key component of superior inventory 
management.

3.24 Carbon emission reduction

Carbon taxes and cap-and-trade policies are being used by governments to reduce 
carbon emissions. The cost of carbon dioxide emissions is the subject of carbon tax 
policy.

A cap-and-trade policy is a type of trade policy that imposes limitations on carbon 
dioxide emissions reductions. Arash Sepehri [4] developed a model for controlling 
carbon emissions that included a carbon cap-and-tax policy in green technologies. In 
terms of productivity and social welfare, Xiaoping Xu proposed grandfather-based 
and benchmark-based allocation methods that will result in lower carbon emissions. 
See Ref. [5].

3.25 Block chain technology

Nowadays, block chain technology is the backbone of many organizations. Block 
chain is a cloud storage network, which shares out-of-records among members in the 
network space in a secure way. It is accountable to all and provides strong technical 
support for record transactions that ensure transparency for all members within the 
network. Block chain technology can increase trust and security by strengthening 
and collaborating on shared data knowledge about inventory in a centralized network 
based on various authorities and responsibilities.

Because inventory involves the difficulty of accurately estimating sales levels, 
production schedules, demand and consumption requirements, management needs 
block chain technology to make inventory decisions.

Block chain can greatly improve to support right decisions, the transparency of 
operations in any industry that becomes the heart of business strategy. It is used to 
maintain inventory data with either RFID tags or electronic product cods, which are 
unique identifiers or digital signatures. Transaction of any inventory data is recorded 
on the block chain, which transferred among involving parties who have rights to see 
the entire data that provides a complete, trustworthy.

Block chain technology is digital technology that is a decentralized ledger for 
recording inventory data transactions between multiple partners. Partners can view any 
variation in stock through this technology such as excess inventory or low stock inven-
tory. Loss or fraud in the recorded data can be avoided. In the Qiu-xiang Li supply chain 
model [6], blockchain technology is considered to have an impact on the game and 
market demand between members of the supply chain through information sharing.
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Chapter 6

On Maritime Digitalization in
Emerging Environments
Sanja Bauk

Abstract

The purpose of this chapter is to propose a conceptual framework for implemen-
tation of advance info-communication technology and systems (ICT&S) across mar-
itime cluster in emerging environments, with emphasis on some South-East European
countries and South Africa. Smart implementation and adoption of the ICT&S in
shipping and port management have been considered due to the Holtham's &
Courtney's model (2010). Furthermore, particular attention is given to Blockchain-
based Maritime Supply Chain System (BMSCS) conceptual model, which includes
distributed relational database, smart contracts, and crypto-currency payment mech-
anism as main constructs. The document workflow management, financial processes,
and device connectivity are considered as key scenarios in the blockchain model. The
stakeholders, who play the role of traditional intermediaries in the goods and accom-
panied documents and data flows, including overall supervision of the processes
between end nodes, that is, shippers and customers, are encompassed within the
BMSCS scheme. Some strengthens and frailty of BMSCS are highlighted, along with
the suggestions for further investigation in this field, with the aim of better
understanding prospective benefits and challenges of blockchain more extensive
deployment across maritime sector in the future, with emphasize on developing
environments.

Keywords: maritime, digitalization, emerging economies, conceptual framework

1. Introduction

Maritime is an important industry. Over 80% of the total transport of all goods
takes place by sea because it is the most economical and most massive mode of
transport. The world’s seas provide free waterways. These are the largest absorbers of
carbon dioxide and the largest producers of oxygen. The seas are the main source of
food for one-third of the world’s population. Oil and diamonds, e.g., are extracted
from the seabed. However, the seas are exposed to pollution caused by both natural
disasters and human factors. Another paradox related to the seas is that the maritime
industry lags significantly behind other industries in terms of digitalization. Some
facts that support this statement are as follows: a large number of ships do not comply
with the requirements of the Safety of Life at Sea (SOLAS) Convention. Some ships do
not have modern electronic navigation aids such as Electronic Chart Display and
Information System (ECDIS) nor (Satellite) Automatic Identification System ((S)
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AIS), for instance. Analyzes of accidents at sea have shown that the crew sometimes is
not familiar with these devices. Digitization at land is more developed than at sea, and
the main reason for this is the lack of profound investigation of Internet connectivity
at sea, which can be hampered by sea surface movements, wave occlusions, rough
weather, poor coverage, etc. Consequently, inter-organizational information systems
(IOS) are used 75% in hinterland and only 25% in maritime. Internet of Things (IoT) is
used considerably less at sea than at land. In road and rail transport, it is possible to
track cargo at the level of a single unit or a container, while in maritime transport this
is still not possible. As an example, we can use transport of dangerous goods. The casks
(drums) with radioactive waste (plutonium, e.g.) can be tracked by Radio Frequency
Identification (RFID) chips, Internet connection, and security backend web applica-
tions at the level of a single freight unit or a drum in the road and in rail transportation
[1, 2], but not in maritime [3]. Furthermore, there are a large number of autonomous
vehicles on roads (about 1.5 thousand) and in the air, i.e., drones (about 1.5 million),
but only one autonomous ship (Yara), and another one is currently under construc-
tion [4]. Blockchain technology is not widely accepted yet, since there are various
impediments like the lack of trust between stakeholders; government support; legis-
lation; standards; along with the stakeholders’ readiness for risky investments in
emerging technology. Some extensive desktop studies of academic writings shown
that a very small percentage of articles deal with advanced info-communication
concepts such as big data, virtual intelligence, robotics, 3D, virtual reality, digital
security, etc., in maritime. There is no clear political strategy for further development
of info-communication systems in maritime. This complicates maritime digitization in
developed countries, and considerably more in developing ones. Concerning the lat-
est, this chapter is organized in the following manner: Section 2 deals with smart
adoption of advanced ICT&S in general, and in maritime business. Additionally, a
case study has been conducted in several non-EU and EU countries in this respect,
based on the Holtham’s & Courtney’s model. Section 3 considers rational blockchain
adoption in maritime, with a focus on developing environments, concerning BMSCS,
TradeLens, smart contracts, and Blockshipping. This section also encompasses a case
study on blockchain smart adoption in maritime business in emerging economies,
with emphasis on South Africa and Montenegro, while Section 4 gives some conclud-
ing remarks.

2. Smart adoption of ICT&S in maritime

We live in a time of massive progress in the field of info-communication technol-
ogy and systems (ICT&S). The question is do we really need all these innovations and
do they always make our lives easier and better. In order to get the best out of ICT&S,
we need to know which of these technologies we actually need and how to use them
purposely. When it comes to a business environment, it is very important that higher
management structures are aware of these needs and discuss them with employees.
This is especially important in maritime business, bearing in mind that, stakeholders
in maritime are usually conservative and not early new technology adopters. Several
studies considered ICT&S rational, intelligent or smart implementation and adoption
of advanced ICT&S in maritime [5–10]. On the Holtham’s & Courtney’s model, in this
chapter, it has been examined how stakeholders in maritime assess key constructs in
the model, regarding some developed and developing countries in Europe. The con-
sidered countries were treated as the European Union (EU) and non-European Union
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(non-EU) ones. Before presenting the methodology and the obtained results, the
overview of the applied Holtham’s & Courtney’s model is given.

2.1 The Holtham’s & Courtney’s model

This model is composed of four constructs: knowledge, ICT&S strategy, system
effectiveness, and ICT&S management. These constructs are supported by organiza-
tional culture and top manager’s mindset (Figure 1).

Knowledge can be described as the understanding of a subject that one gets by
experience or study, known either by one person or by people generally; or, as the
state of knowing about or being familiar with something [11]. Furthermore, Cam-
bridge dictionary depictures knowledge as awareness, understanding, or information
that has been obtained by experience or study, and that either is in a person’s mind or
possessed by people generally; or, as skill in, understanding of, or information about
something, which a person gets by experience or study. Symbolically, knowledge is
one of the steps in the so-called ladder of knowledge. This ladder of knowledge
encompasses data, information, knowledge itself, and wisdom stairs. The data and
information have easier explanations than the concepts of knowledge and wisdom. In
this context, the focus will be on knowledge stair, as a key for understanding contem-
porary ICT&S and their rational implementation in maritime business. Knowledge
here means consciousness about advanced ICT&S availability at the market, including
the ICT&C purposiveness regarding particular business strategies, processes, and
activities.

Figure 1.
Adapted Holtham’s & Courtney’s model (source: Own).
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The ICT&S strategy brings together business and technology. Due to the Holtham’s
& Courtney’s model, there are five different strategic orientations.

Pathfinder: Systematically seeks and selectively exploits relevant ICT&S trends to
gain competitive advantage and enable entry into new markets. Pathfinder is willing
to experiment with new, advanced ICT&S. Pathfinder constantly seeks a competitive
advantage by detecting or sensing emerging ICT&S trends and opportunities.

Adapter: Functions at two types of market: one relatively stable and focused on
efficiency, and the other where ICT&S plays an increasingly important role. Adapter
applies different rates of technological uptake in each. This split feature is typical for
businesses where different rates of technological adoption are present, and adaptabil-
ity rather than uniform solutions are applicable.

Protector: Meticulously assesses ICT&S investment for its efficiency orientation
and applies technology primarily to reduce costs of investments and increase com-
munication processes rather than new market opportunities creation. Protector is
control orientated and slow to innovate. These organizations work in domains where
core ICT&S-based technologies are commonly available and easily replicable.

Reactor: This is a characteristic of an organization where technology is not per-
ceived as a strategic tool. It responds slowly to change and tends to view ICT&S
applications as standalone tools. In this strategic orientation, the ICT&S platforms
usually appear to be weak or obsolescent. The risk is that the organization could
quickly become non-competitive through a lack of capacity to meet customers’ needs.

Heatseeker: Seeks upon ICT&S fashioned instead of strategically analyzing the best
ICT&S fit for its business processes. Heatseeker is typical for an organization whose
structure is in constant change, experimenting with innovations before obtaining
steady business performance. This organization is receptive to ICT&S spending and
subsequent partial reversals when intended benefits are not realized quickly.

The system effectiveness can be achieved by setting and communicating critical
success factors (CSF) [12] and developing them steadily. The first step is to use
technology to create an effective operational platform, primarily with internal infor-
mation. Then, the CSFs can be widened to foster improved skills to use technology.
This will start with employees and then extend to suppliers and customers. Once when
these two steps work well, the CSFs can be broadened to encompass external infor-
mation about markets, customers, and competitors. After these, three steps comes
business intelligence, which allows organizations to identify and manage risk while
developing new products, services, and markets to ensure a successful future.

The ICT&S management is based on ICT&S builders, ICT&S managers, and
ICT&S users. A person or management team that communicates the needs of ICT&S
users into ICT&S builders or designers has to be engaged in the organization as a
knowledge navigator, or information resource manager. There are business organiza-
tions, which recognized this triangle and which are working on filling and improving
the personnel skills towards achieving this goal [13, 14].

These four constructs, which form the backbone of the Holtham’s & Courtney’s
model are underpinned by organizational culture and top manager’s mindset.

Concerning the organizational culture, there is universal agreement that it exists
and plays an important role in shaping behavior in organizations. However, there is
little consensus on what organizational culture actually is. Here are quoted several
expressions that can be used in absence of universally accepted one [15]: organiza-
tional culture is how organizations do things; organizational culture is the sum of
values and rituals, which serve as glue to integrate the members of the organization;
organizational culture is civilization in the workplace, etc.

76

Logistics Engineering



Top manager or top management team’s role is to weave a fabric of horizontal
(information, technology, people, and organization) and vertical (direction, knowl-
edge, process, and climate) threads mutually intertwined. In organizations where
knowledge is a core dimension, managers have frequently identified people’s skills as
the major influence, along with organizational climate. Moving from the information-
based to the knowledge-based enterprise is a major challenge for today’s companies
[16]. Therefore, managers have to combine proper notions from several different
domains: organizational behavior, human resource management, big data, analytics,
artificial intelligence, etc. Technology is a key enabler, but not usually as significant as
skills and climate. Top managers’ team mindset covers all considered constructs and it
affects intelligent or rational use of ICT&S.

These constructs are used in the following analysis as independent variables. As a
control variable is used non-compliance between technology-led potential and its
everyday usage, while the dependent variable is intelligent use of ICT&S, which
reflexes efficient and smooth communication between tasks, technologies, and
employees [4].

2.2 Case study on smart ICT&S adoption

Based on the Holtham’s & Courtney’s model, a survey was conducted among
stakeholders in maritime in terms of how rationally they use the ICT&C in their
business. Selected stakeholders from four EU (Croatia, Greece, Italy, and Slovenia)
and from four non-EU countries (Albania, Bosnia & Herzegovina (B&H), Montene-
gro, and Serbia) were included in the survey. Forty experts (five per each considered
country) from maritime administrative bodies, agencies, private marine companies,
ports, and universities (maritime departments) were asked to evaluate the set of
fifteen statements by means of Likert (1–5) scale (Table 1). The last two statements
refer to the control and dependent variables in the model, respectively, while the rest
of the statements correspond to the independent variables.

The level of respondents’ agreement with the proposed statements is labeled due to
the following scheme: (i) if the average score per group of experts from a certain
country is between 1 and 2.5 then the level of experts’ agreement is “low”; (ii) if it is
between 2.6 and 3.5, then the level of agreement is “moderate”, and (iii) if it is
between 3.6 and 5, then it is “high”. The results of the survey are presented in Table 2.

According to the results presented in Table 2, it is obvious that all respondents
evaluate knowledge, ICT&S management, and manager’s mindset as highly important
for rational application of ICT&S in maritime organizations. When it comes to the
system effectiveness and organizational culture, the experts assessed these constructs
as high or moderate important for intelligent implementation of ICT&S. Control
variable confirms validity of the assessments assigned to the dependent variable
“intelligent use of ICT&S in maritime”. Namely, all experts highly agreed with the
statement “the ICT&S serve as a connective tissue among tasks, technologies, and
employees in your organization”, which in fact justify smart exploitation of ICT&S in
maritime business. When it comes to ICT&S strategy orientation, the respondents are
dominantly adapters, while only one of the respondents is reactor. The adaptors are
looking for the third path, while reactors leg behind regarding adopting new ICT&S.
Adaptation means that emphasis is on modification rather than fundamental
reconfiguring of the existing ICT&S. On the other side, reaction means using weak
and obsolescent ICT&S platforms. The reasons behind this orientation should be
examined through in-depth interviews with respondents and through further analysis
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of their business strategies, including the position of the ICT&S in it. This might be
the subject of further investigation in the field.

In addition to the analysis of the degree to which ICT&S are used rationally in the
maritime business, it was also examined which advanced info-communication plat-
forms are available to the maritime organizations in which the respondents in this
study work. The results of this part of the survey are presented in Table 3. It is evident
that there are efforts to modernize ICT&S in maritime business, but also that some of
the analyzed maritime organizations, i.e., countries are lagging behind, especially
those that are not members of the EU. Namely, the non-EU countries have to recon-
sider their business development strategies and ensure funds for implementing new
ICT&S and renewal of the existing ones. These countries should follow actual trajec-
tories and scenarios towards efficient and effective digitalization in maritime [17].

Through this case study, it is shown that responders, who are employed in mari-
time administration and business organizations in four EU and four non-EU countries,
have similar attitudes towards concerned constructs inherent to intelligent exploita-
tion of contemporary ICT&S. They all identified knowledge, ICT&S management,

Construct Statements

C1: Knowledge S1.1: Knowledge is important for business success.
S1.2: Knowledge and skills of employees are important for efficient and
effective use of ICT&S?

C2.1: ICT&S Strategy Pathfinder S2.1: New ICT&S solutions adoption is risky for the organization.

C2.2: ICT&S Strategy Adapter S2.2: Analyzing carefully the existing ICT&S solutions prior to their
introduction into the organization is important.

C2.3: ICT&S Strategy Protector S2.3: The ICT&S reduces operational costs of the organization.

C2.4: ICT&S Strategy Reactor S2.4: The available ICT&S solutions can be adapted to the current
business needs of your organization.

C2.5: ICT&S Strategy Heatseeker S2.5: The latest ICT&S solutions are the best ones.

C3: System effectiveness S3.1: Your customers intensively use ICT&S resources of your
organization (web site and various online users’ apps).
S3.2: The ICT&S allows you to become familiar with the current
market trends in the area of your business.

C4: ICT&S management S4.1: The ICT&S functions are important for the successful functioning
of the organization and its business success.
S4.2: The usage of ICT&S for operational takes within your
organization (accounting operations, database of employees, database
of business partners, market analysis, etc.) is extensive.

C5: Culture S5: Positive organizational culture and clime are important for effective
use of ICT&S.

C6: Manager’s mindset S6: Manager’s mindset is important for effective use of ICT&S.

C7: ICT&S capacities versus
exploitation

S7: There is a divergence between ICT&S capacities and their real
application on a daily basis in your organization.

C8: ICT&S intelligent
exploitation

S8: The ICT&S serves as connective tissue among tasks, technologies,
and employees in your organization.

Source: Own.

Table 1.
The survey content.
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system efficiency, organizational culture and manager’s mindset as key perpetuators
of rational and purposeful use of the ICT&S. This speaks in favor of their sound
education and awareness about the importance of ICT&S in today’s dynamic maritime
business environment. Regarding ICT&S strategical orientation, the respondents are
cautious, i.e., not prone to take risks of investing in new ICT&S solutions and
experimenting in the market.

When it comes to the availability of common and advanced ICT&S in analyzed
maritime organizations, it is shown that there are big differences among EU and non-EU
countries. For instance, maritime organizations in Slovenia have almost all listed ICT&S
except blockchain technology, AGVs, digital twins, are UxVs. The companies in Italy
have, e.g., digital twins and UxVs. Croatia and Greece have also quite an extensive list of
available ICT&S. On another side, explored non-EU countries are modestly equipped.
The examination of the reasons for such difference and how it can be alleviated in order
to avoid disruptions in maritime ecosystem and negative economic implications for the
non-EU countries should be the subject of further, more profound studies. None of the
considered maritime entities does have on disposal Blockchain-based Maritime Supply
Chain System (BMSCS), e.g. Since BMSCS is the advanced emerging ICT&S platform in
contemporary maritime business, the following text attempts to explain the basic prin-
ciples of this platform, including its benefits and challenges.

3. The BMSCS conceptual framework

Bockchain in maritime is a far broader system than cryptocurrency-based elec-
tronic financial transactions mechanism. In literature, it is named as Blockchain-based
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EU Croatia Adapter

Greece Adapter

Italy Adapter

Slovenia Adapter

Non-EU Albania Adapter

B&H Adapter

Montenegro Adapter

Serbia Reactor

Legend: High agreement; Moderate agreement; Low agreement
Source: Own.

Table 2.
The assessments of the constructs.
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Available ICT&S Countries

Non-EU countries EU countries

Albania B&H Montenegro Serbia Croatia Greece Italy Slovenia

Electronic Data Interchange
(EDI)

� � � � � �

Enterprise Resource
Planning (ERP)

� � � � � �

Customer Relationship
Management (CRM)
System

� � � � � � �

Electronic Logistics
Marketplace (ELM)

� � � �

THETIS (PSC—Port State
Control)

� � � � �

Blockchain-based
Maritime Supply Chain
System (BMSCS)

Automatic Identification
System (AIS)

� � � � � � �

Long-range and tracking
(LIRT)

� � � � �

Vessel Traffic Monitoring
Information System
(VTMIS)

� � � �

Sea Traffic Management
(STM)

x � � �

e-Navigation � �
e-Maritime � �
Common Maritime
Communication Platform
(CMSP)

� �

Maritime Surveillance
Services (MSS)

� � �

SafeSeaNet (SSN) � � � �
Maritime Single Window
(MSW)

� � � �

Automatic Guided Vehicles
(AGV)

Digital twins �
Remotely controlled
vessels

Unmanned sea or
underwater vessels (UxVs)

� �

Earth Observation Services
—Search and Rescue (SAR)
sensors

� � � �
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Maritime Supply Chain System (BMSCS) [18]. It includes smart contracts and pay-
ments, tracking and tracing cargo, empty containers placement, early risk assessment,
and services that can create new added values in maritime (Figure 2).

Maritime is an indispensable link in global supply chains. Hereof, blockchain
technology is likely to become unavoidable in shipping and port management, in
striving to optimize global supply chains and make these more efficient and effective.
The BMSCS should reduce the volume of administrative work, errors that occur due to
manual work, delays in the delivery of goods, and consequently overall costs of
transportation and delivery of goods. Due to some studies, the costs of global supply
chains should be reduced by approximately 15% by implementing blockchain
technology [19].

Available ICT&S Countries

Non-EU countries EU countries

Albania B&H Montenegro Serbia Croatia Greece Italy Slovenia

Earth Observation Services
—Optical sensors

� � � �

Satellite-based oil spill
detection system at sea

� � �

Oil spill prediction
modeling system

� � � �

Legend: There is no ICT&S of such type

Source: Own.

Table 3.
Available ICT&S in the examined maritime organizations.

Figure 2.
BMSCS key components (source: Own).
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In addition to these advantages, blockchain also has certain disadvantages. Maritime
sector is generally risk-averse, tending not to be an early adapter of new potentially
risky technology [20]. Some stakeholders in maritime want to keep their data secret,
since “competition is fierce” and “a lot of industry actors are basically competing with
the same service” [21]. In other words, some partners in the supply chain consider
information as a competitive resource and are unwilling to share them. Positional data
might be used to track vessels by identifying port locations, fueling locations, and routes
[22]. This is particularly the case with tracking dangerous and hazardous goods, phar-
maceuticals, or food. The use of blockchain does not guarantee that the information
recorded in ledgers is correct and does not prevent tampering data prior to entering it
into blockchain ledger, e.g., the contents of a container, fuel production, testing or
combustion, and the like [23]. Due to the huge amount of data and traffic generation,
including data storage, blockchain requires a wideband like G5 or G6 [24], while the
internet speed can be low when the working stage is offshore. Further, blockchain
causes high-energy consumption [25]. Blockchain in the maritime sector indicates the
potential to reduce transaction costs in a number of areas, including reducing the need
for intermediaries such as brokers and courier services and reducing related financial
expenses and energy costs. However, one should not forget that this does not include
the costs of the overall investment and expenses associated with blockchain implemen-
tation and adoption, especially in developing or emerging economies [26, 27].

The present level of awareness, knowledge, and expertise about blockchain is
scarce among the stakeholders. Therefore, educational, training, or capacity-building
programs are necessary at regulatory, administrative, and operational levels. Higher
level of standardization across the global supply chain is necessary as well. The Digital
Container Shipping Association (DCSA) conducts efforts in this regard, but further,
more extensive, actions are necessary. In general, there is a hesitation by stakeholders
in maritime sector to invest in blockchain systems in terms of technological integra-
tion, regulatory, organizational, and educational costs, since the maritime sector
traditionally relies on its legacy systems. There appears to be a gap between what
practitioners in the blockchain area suggest and what has been a range of state-of-the-
art approaches in software engineering and information security research and practice
[28]. Furthermore, the major liner shipping companies are the most likely parties to
benefit from blockchain regarding the complexity of their blockchains and huge
requirements on financial resources [29]. This can put other potential actors in the
global supply chain at a disadvantage. The last but not the least, the basic attitude
should be that technology, in this case, blockchain on the top of the global supply
chain should improve the human condition, and not replace humans [30]. Therefore,
human and ethical dimensions of blockchain technological development and more
extensive deployment, should not be neglected.

In the following text, we shall present blockchain framework in maritime at the
example of two applications: TradeLens and Blockshipping. TradeLens is used for
tracking and tracing cargo along the global supply chain, early risk assessment, smart
contracts, and value-added services created through an open platform. Blockshipping
is used for empty containers’ optimal placement by autonomous intelligent software
agents.

3.1 TradeLens

TradeLens is a new business model in shipping and port management. It enables
one-to-many connections for all the actors, all individuals that are involved in a global
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supply chain instead of bilateral connections. Everybody come together in a maritime
industry-neutral, open platform for every participant [31]. Maersk, the world’s largest
international container shipping and logistics company, and IBM the technology
leader in blockchain came together to provide a new, open platform solution
underpinned by blockchain to help unlock some of the opportunities for a more
efficient global supply chain. Maersk and IBM have a long history of working
together, actually decades. In March 2017 these organizations collectively try to
improve global trade through digitization. In January 2018, they launched an early
adapter program; trials began, and in August 2018, they formally launched the
TradeLens limited availability platform, shared among 92 participants. In December
2018, TradeLens is commercially realized, along with 1.5 million events per day
published to the platform. Some types of these events are presented in Table 4.

The platform can track 120+ unique consignment shipments, while 60+ network
members are onboard or in a process of accessing. TradeLens supports 18+ unique,
standardized, trade document types. Some of these documents are listed in Table 5. In
February 2019, enhanced document sharing, permissions, and notifications were
released. The platform includes half a billion events on annual basis and this number
grows with more and more network members.

More than twenty million containers of cargo information are in the system today,
which is roughly 1/5 of global trade and it is growing. The platform involves numerous
parties and systems: ocean carriers, ports and terminal operators, inland carriers,
shippers, consignees, beneficiary cargo owners, freight forwarders, 3PLs, custom
authorities, government agencies, financial and insurance services, transportation
management systems, Port Community Systems (PCSs), supply chain validity sys-
tems, supply chain, manufacturers, retailers, etc. They all collaborate and share infor-
mation. TradeLens provides them with comprehensive, real-time visibility and
immutability across the end-to-end journey of shipment. In other words, data is
available immediately, along with the single simplified view across all shipments.

Actual Estimated Planned

Start container tracking Documentation cutoff: Vessel ETD Import documents approval

Start shipment tracking VGM (Verified Gross Mass): Vessel ETD Discharged from truck

Booking confirmation Cargo cutoff: Vessel ETD Loaded on vessel

Stuffing started Rail ETD Stuffing started

Vessel ATA Rail ETA Stuffing completed

Vessel ATD Bill of Lading Available Loading on vessel

Loaded on rail Vessel ETD Gate in

Rail ATD Vessel ETA Gate out

Rail ATA Discharged from vessel Packed container selected for
inspection

Loaded on truck Load on vessel Packed container passed inspection

+Add more Custom release Cargo specific certificate approved

+Add more +Add more

Source: [31].

Table 4.
TradeLens standardized events.
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For instance, a terminal operator publishes a piece of information about the fact that
a container has been loaded onto a ship that becomes immediately available to
everybody else in the supply chain. The idea is to build workflow based on smart
contracts using chain code to derive cross-organizational workflow by excluding
manual work.

Blockchain on which the platform is based, enables the trust in data that are
available on the platform. It is an open and censorship-resistant distributed database
model, secured by encryption and decentralization. Blockchain records information in
blocks on a shared ledger, storing a synchronized copy of it on all the systems partic-
ipating in the network, hence assuring its immutability. The trust anchors, which are
the blockchain nodes, ensure through consensus algorithms that the information
should be written on the platform as approved like valid. All information are audit-
able, verifiable, and temper proof; so, as soon as a piece of data is published to the
blockchain it cannot be edited. The only way to edit a document is to create a new
version of the document. Consequently, all the documents are fully auditable. Addi-
tionally, cryptographic hash of the data is written to the blockchain, and this is a part
of the supply chain. It is important to say that private data remain private. TradeLens
as an information-sharing model allows ecosystem partners to have access to the
information they should access and vice versa. The platform offers a high level of
flexibility through application of RESTful APIs (Application Programming Inter-
faces), back-end ERP (Enterprise Resource Planning), and secured front/back-end
web services.

In the middle or at the very core of TradeLens solution, there is the platform and
blockchain behind it. Below the platform is the network. The network is not a physical
network. It is a set of entities that provide the data, including the data itself. The ocean
carriers, ports, terminal operators, customs, shippers, inland transporters, etc., pro-
vide the data. On the top, above the platform are applications and services, i.e.,
RESTful APIs, back-end ERP, and secured web that enable people to exchange infor-
mation. These are based on open published industrial UN/CEFACT standards that are
defined at the platform level, so that third parties are allowed to build new value-
added services and applications. This is the basic kind of model, through which
TradeLens is moving forward as a paradigm shift in information sharing across the
whole ecosystem. A conceptual framework of TradeLens as a blockchain-based
solution in the global supply chain is presented in Figure 3.

Document Party

Import documentation approved Customs House Broker

Customs release Customs Authority

Cargo geography-specific certificate approved Customs House Broker

Bill of lading available Beneficiary Cargo Owner (BCO)

Certificate of origin available Beneficiary Cargo Owner (BCO)

Packaging list available Beneficiary Cargo Owner (BCO)

Commercial invoice available Beneficiary Cargo Owner (BCO)

Source: [31].

Table 5.
TradeLens standardized documents.
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What kind of information is shared across the platform, i.e., over the entire
supply chain? This information is mostly shipping milestones. The information
on: has a container been staffed; has the container be gated; what is the estimated
time of arrival (ETA) of the container at the destination, and so on, are in fact
shipping milestones. However, it is more than that. It is also the documents in
maritime, both structured and unstructured (like PDFs, scans, images, etc.), by
making them available to the participants along the supply chain. The documents
need to change ‘hands’. They need to be approved, updated, and available to
build workflow using smart contracts, like the bill of lading, clearance, insurance,
etc. This is powerful in terms of driving cross-organizational data flow in
maritime.

Within TradeLens, there is sensor data and IoT for referring to the container
number, electronic seal, temperature inside it, for instance, etc. All of that is part of
the underlined data that is made available to the participants who need that data.
There is a whole concept of seamless and permission data-sharing model that is built
on the base: what your role is, i.e., are you terminal, ocean carrier, shipper, inland
transporter, etc. The default permission model allows people to share information, so
that information is made available to those who need it, but it is not available to those
who should not see it.

TradeLens is of utmost importance whenever planned actions turn into unplanned.
For instance, the ocean carriers’ decision has implications not just for them but for all
stakeholders further down the supply chain from customs brokers, port authorities, and
terminal operators to inland transporters and consignees. With TradeLens, changes to
the shipment are reflected immediately allowing supply chain participants to coordinate
actions tightly, delivering the consignee’s inventory in time. TradeLens allows near-
instant logistics adjustments so the disruptions are kept to a minimum. Global trade is

Figure 3.
TradeLens conceptual framework (source: Own).
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an incredibly complex system, but TradeLens and blockchain create an industry-wide
and innovative solution to alleviate this complexity and related impediments.

3.2 Smart contracts

Smart contracts are programs stored on a blockchain that run when predetermined
conditions met. They are used to automate the execution of an agreement so that all
participants can be immediately certain of the outcome, without an intermediary’s
involvement or time loss. They can also automate a workflow, triggering the next
action when conditions are met [32]. Smart contracts work by following simple “if/
when (… ) then (… )” statements that are written into code on a blockchain. In the
other words, a smart contract presents the lines of code that are stored on a blockchain
and automatically executes when predetermined terms and conditions are fulfilled
[33]. A network of computers executes the actions when predetermined conditions
have been met and verified. These actions could include releasing goods, funds, or
confirmations in maritime supply chain. The blockchain is updated when the transac-
tion is completed. That means the transaction cannot be changed, and only parties
who have been granted permission can see the results. Blockchain network controls
access. Within a smart contract, there can be as many stipulations as needed to satisfy
the participants, so that the task will be completed correctly. To establish the terms,
participants must determine how transactions and their data are represented on the
blockchain, agree on the “if/when (… ) then (… )” rules that govern those transac-
tions, explore all possible exceptions, and define a framework for resolving disputes.
Then, the smart contract can be programmed by a developer, although organizations
that use blockchain for business, provide templates, web interfaces, and other online
tools to simplify structuring smart contracts. Key benefits of smart contracts are
speed, efficiency, accuracy, trust, transparency, and security (blockchain transaction
records are encrypted, which makes them very hard to hack; plus, each record is
connected to the previous and subsequent records on a distributed ledger, and hackers
would have to alter the entire chain to change a single record). In maritime supply
chain, sea waybill or bill of lading can be converted into a smart contract, while it
requires an agreement between shipper and carrier, and/or any other relevant and
permissioned parties to view the consignment, transport equipment, and documents,
as permissions allow [34]. The benefits of such smart contract include simplified
transmission of shipping instructions; management of document status and
versioning; faster submission of shipping instructions for creation of final bill of
lading; quick sharing of documents with all permissioned parties; including
immutability, traceability, and auditability of the documents involved.

3.3 Blockshipping

Today the container shipping industry accounts for around 60% of all the world
seaborne trade. This valuable industry has been troubled for years by challenges like
overcapacity, low freight rates, security threats, and increasing environmental regu-
lations. Currently, there are about 27 million containers in the world, which are moved
from one destination to another on trucks, container cars, ships, rail, or waiting in the
port, container yard, railway station, and the like. About 5 million containers are
uncontrolled and nobody knows their precise locations; if they are currently in transit
or waiting for collection. Consequently, no one knows if they are empty or loaded,
which means that no one knows if a truck or a train is wasting time and energy
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carrying an empty “metal box” instead of carrying goods [35]. This is a huge waste of
energy; it produces additional costs and negatively affects the environment.

Therefore, the global shared container platform (GSCP) is currently under devel-
opment. As the world’s first blockchain-based container registry, it will allow the
industry to help real-time track all containers worldwide. The platform will enable the
industry players to manage efficiently all kinds of transactions related to container
handling. The GSCP has several user groups like shipping lines, leasing companies,
banks, financial institutions, blockchain container investment syndicates, transport
service providers, beneficiary cargo owners (BCO), container terminals, container
depots, repair shops, etc.

Through a secure login, each user group will have a unique set of functionalities
that matches their exact needs. For example, if you are a shipping line export user,
you can use GSCP platform to find street turn matching opportunities for ensuring
that empty containers meet export demands. You will see an inventory list of all
export bookings, which require an empty container to the customer location for
stuffing, rather than transporting an empty container from the port or the depo. For
convenience, the platform enables users to switch between list and map view. The
user can apply one or more filters and inventory will update accordingly, for
instance, only showing FEUs (40-feet units). Any set of applied filters can be saved
in user’s filter presets. This way they are quickly accessible whenever the user needs
them. Matching export containers with import containers is easy and swift. This
enables both importer and exporter to save an empty container haulage trip, plus gate
in and gate out fees at the terminals. The system identifies possible matches based on
container size, type, boarding date, previous commodities carried, and availability.
The platform also enables sending a request to the involved shipping line with the
comment. The GSCP provides various ways to import booking and container
data. The user can use EDI and API connection with the in-house booking or order
platforms [36].

Blockshipping is, in fact, a shared pool of containers, which enables a “just in time
containers” situation. Today more than 40% of all containers in transport are empty.
Therefore, resources are wasted and costs are increased. With Blockshipping saving
potential for the shipping industry might be at least 5.7 billion USD and reduction of
CO2 emission can be 4.6 million tons yearly [37]. Blockshipping platform is a part of
the so-called programmable economy. In such an economy, the interactions among
different parties will not occur through mediation of a third trusted party, but auto-
matically through autonomous intelligent software agents (AISA). These are also
called dApps (distributed Apps) that run on blockchain and are authorized and
instructed by the parties involved in the BMSCS to negotiate autonomously on their
behalf.

Four key subsystems of Blockshipping are [38]:

• Global Shipping Container Registry (GSCR), that holds real-time information
about every container available through Blockshipping;

• Empty Container Repository Engine (ECRE) that continuously calculates the
next best-laden transport for each container. The engine also “understands” the
position of every truck available to transport the empty container;

• Autonomous Intelligent Software Agents (AISA) that run on blockchain and
negotiate all agreements;
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• Smart Contracts (SC) that can be treated as rental contracts established through
autonomous negotiations, which persist on the blockchain and govern the rental
through binding self-enforcing rental agreements.

Blockshipping has developed a unique revenue-sharing model, while it issues two
types of tokens:

• Internal utility token, or Container Platform Token (CPT), and

• External revenue share coin, or Container Crypto Coin (CCC).

The CPT will be used for clearing and settlement of transactions between the users
of the platform. These transactions will relate to many different services and fees. A
percentage of the revenue goes to a revenue share pool and is passed on to the owners
of CCC tokens. Blockshipping exchanges the CPTs in the revenue share pool to Ether
via USD. Then, Blockshipping uses smart contracts to convert revenue Dutch auction
on the Ethereum blockchain in which Blockshipping offers the owners of the CCC
tokens price for their tokens. The offered price will increase until all available Ethers
are spent. After the auction, Blockshipping distributes the acquired CCC tokens to all
the owners of CCC tokens on a pro-rata basis. In this way, token owners are rewarded
regardless of their decision to sell or keep their CCC tokens [39].

The processes flow within Blockshipping is based on several simple and fully
automated steps. The easiest way to make an explanation is to follow an example. Let
us assume that the shipping line needs to rent a container to transport goods from
Nairobi (Kenya) to Rotterdam (Netherlands). Blockshipping empty container reposi-
tory engine identifies the best-positioned empty container in Nairobi and informs the
shipping line about the options. The shipping line informs its autonomous intelligent
software agents (AISAs) about the containers. The rental negotiations then happen
unsupervised between the shipping line and the container owner through their
autonomous agents. The agreements established by AISAs are persisted on blockchain
in smart contracts that govern the rental in binding self-enforcing rental agreements.
Blockshipping container platform tokens CPT are used to pay rental fees, while the
fees are transferred from the shipping line wallet, in accordance with the smart
contract and reserved payment. Smart contracts can be changed if conditions change.
For example, if the rental period is extended when the container reaches its final
destination in Rotterdam. Then, the smart Oracle blockchain enforces the smart
contract. The rental ends and releases CPTs to the container owner’s wallet [40].

In addition to TradeLens and Blockshipping, there are a number of other
blockchain applications in maritime. Some of these are given in Table 6. Concerning
safety issues, semi-private blockchains are common. The consortium companies’ rep-
utation speaks, in fact, about safety. Maritime, as conservative, assesses and recog-
nizes the quality of operation in long run. As we said previously, stakeholders in
maritime are not early adopters. However, trust between network participants is a
bigger problem than safety. The blockchain is an unorthodox technology and
cryptocurrencies are still highly volatile. In such a setting, maritime stakeholders do
not like to disclose essential business information about customers, suppliers, and
cargo. Many freight forwarders and intermediaries, e.g., earn their profit thanks to
information asymmetry. Interoperability will be a smaller problem in terms of tech-
nology (since standards have been developing) than in terms of trust and smooth
process flows at (inter-)organizational level.
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3.4 Case study on blockchain adoption

Within this case study, we explored how maritime stakeholders in two developing
countries, South Africa and Montenegro, perceive blockchain technology and its
implementation in maritime. Through the methodological framework given in
[26, 27] we conducted the survey, which included thirteen closed-ended questions, or
statements on blockchain adaption. Concerned statements included the following
blockchain dimensions: knowledge, infrastructure, standards, experts, diverse stake-
holders, government and regulatory policy, social influence, loss of jobs, computing
and storing capacity, complexity, opportunistic behavior, sharing information, and
security. The respondents were from maritime companies, agencies, research organi-
zations, governmental bodies, insurance companies, and universities. They are from
the executive management level in industry and governmental bodies, and active
researchers, professors, and lecturers from universities (10 from South Africa and 10
from Montenegro, all with more than 5 years of research experience). The respon-
dents have had to express their (dis)agreement with the proposed statements via
Likert 1–5 scale, where 1 represents the lowest level of (dis)agreement, and 5 the
highest level of (dis)agreement. The rest of the offered numerical values are respec-
tively in-between these two extremes. The statements and average values of assess-
ments are given in Table 7. If the average score per group of respondents is between 1
and 2.5, then the level of (dis)agreement is “low”; if it is between 2.6 and 3.5, then the
level of (dis)agreement is “moderate”, and if it is between 3.6 and 5, then it is “high”.

Five statements with the highest “agree” and “disagree” assessment rates are
categorized in different PESTEL (political, economic, social, technological,
environmental, and legal) dimensions, along with their rank (Table 8).

No. Blockchain

Consortium Platform Ledger

1. Port of Koper, Slovenia CargoX Public

2. Malaysia’s West Port & LPR - Brazilian textile
importer

300cubits Public

3. Maersk & IBM TradeLens Consortium (permissioned)

4. Abu Dhabi Ports and Port of Antwerp Silsal Consortium (permissioned)

5. EY & Guardtime Marine Insurance
Blockchain

Public

6. PIL, PSA & IBM Proof of Concept
(POC)

Consortium (permissioned)

7. Port of Antwerp with Belfruco, Enzafruit,
PortApp, 1-Stop and T&G Global

Smart Contracts Consortium (permissioned)

8. 2021.AI Den Danske Maritime Fond, EUDP,
INVICTA

Blockshipping Public

9. Port of Malmo & Port of Copenhagen PortChain Consortium (permissioned)

10. AAT, FileVersion Health, CROP CargoChain Consortium, (permissioned)

Source: Adapted from [41].

Table 6.
Some blockchain applications in maritime.
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The respondents consider awareness and knowledge about blockchain as a
social dimension of the highest importance for its adoption in maritime. This is
understandable, since knowledge is the biggest asset; the only one which grows with
exploitation during the time. On the second place is infrastructure, which falls under
technological dimension. This is reasonable since, without it, blockchain adoption is
practically impossible. In the third places are favorable government and regulatory
policies that fall under political and legal dimensions. This is of crucial importance since
economic development in South Africa and in Montenegro is controlled by the govern-
ment. On the fourth place is experts’ knowledge, which belongs to the social dimension
of PESTEL model, and which is to a certain extent connected with awareness and
knowledge, but it can be outsourced in the case of its lack, and under the assumption
that awareness and general knowledge about blockchain are in place. The fifth place is
the hesitancy of sharing information among the parties, and it falls under both eco-
nomic and environmental dimensions of PESEL. This is understandable, since once
blockchain becomes well established; the impact of this issue will be reduced.

The highest disagreement is observed regarding ‘simultaneous’ presence of
blockchain complexity and observability. Majority of the respondents show suspicion

Statement Agree Disagree

S1: The level of awareness and knowledge of BC affects its adoption.

S2: The BC adoption is affected by the availability of the infrastructure and
functionality to integrate and interoperate within and across the business ecosystem.

S3: Standardization and ensuring smooth interoperability is necessary, otherwise, BC
can make things difficult instead of making them easier.

S4: The BC adoption is affected by the availability of skilled and expert resources.

S5: The BC adoption is affected by a large number of stakeholders, with different
mindsets, organizational culture, and working habits.

S6: The BC adoption is increased by favorable government and regulatory policies.

S7: Social influence positively affects the behavioral intention of using BC.

S8: A perception that BC implementation might lead to loss of jobs can be an obstacle
in its adoption.

S9: Development in storage, computing, and cloud infrastructure will affect BC
adoption.

S10: The BC adoption reduces opportunistic behavior (opportunistic behavior means
maximization of economic self-interest and occasioned loss of the other partners).

S11: The BC adoption is reduced if the information is not shared by the partners, while
some stakeholders are hesitant to share information considering it is a competitive
advantage.

S12: Privacy and security of models and data need to be ensured, as BC technology is
still immature and vulnerable.

S13: Blockchain offers a high level of complexity and observability at the same time.

Legend: High (dis)agreement; Moderate (dis)agreement; Low (dis)agreement; BC – blockchain
Source: Own.

Table 7.
The assessments of blockchain adoption.
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regarding this paradox. Furthermore, the respondents do not agree with the statement
that blockchain will reduce opportunistic behavior. South Africa and Montenegro are
countries that are for decades in transition and suffer from the permanent reproduc-
tion of crisis. Consequently, the responders’ rather skeptic attitude towards this state-
ment is completely understandable. The social influence is in the third place. The
respondents do not believe that society can affect considerably the implementation of
this advanced technology, and this belief is based on their experiences from transi-
tional settings. The statement, which deals with the standardization issue, is “nega-
tively” assessed, but it might be the case due to the experts’ belief that standardization
must be achieved and that it cannot as such threaten blockchain key advantages. The
need for ensuring privacy and security is assessed negatively. This means that some
respondents strongly disagree with the statement that blockchain technology is still
immature and vulnerable. Due to their response, one can conclude they believe that
blockchain technology is at a high level of development and that is less vulnerable
than it can appear due to its complexity and deployment at a global scale. This
construct can correspond with technological, environmental, and legal PESTEL
dimensions at the same time.

Since we collected only twenty survey responses, further research should include
in-depth interviews or a survey upon a larger poll of experts and profound discussion
on the respondents’ assessments, including comments and suggestions. In addition,
the following investigation in the field should include experts from other developing
and transitional countries (besides South Africa and Montenegro), including a longi-
tudinal approach. Building new knowledge and transfer of existing one on blockchain
technological and other crucial dimensions are necessary, particularly in developing
countries, which suffer the lack of skilled personnel and expert knowledge,
dominantly in the technological domain.

P Political E Economic S Social T
Technological

E
Environmental

L Legal

Respondents “Agree”

*Favorable
government
policies
(rank 3)

*Hesitancy of
sharing
information
(rank 5)

Awareness and
knowledge about
BC (rank 1)
Skilled and expert
resources (rank 4)

Infrastructure
(rank 2)

*Hesitancy of
sharing
information
(rank 5)

*Favorable
regulatory
policies (rank 3)

Respondents “Disagree”

Reduction of
opportunistic
behavior
(rank 2)

Social Influence
(rank 3)

Complexity and
observability
(rank 1)
*Standardization
(rank 4)
**Ensuring
privacy and
security (rank 5)

**Ensuring
privacy and
security
(rank 5)

*Standardization
(rank 4)
**Ensuring
privacy and
security (rank 5)

- Constructs marked with ‘*’ correspond with two different PESTEL dimensions.
- Constructs marked with ‘**’correspond to three different PESTEL dimensions.
Source: Own.

Table 8.
PESTEL analysis.
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4. Conclusion

Maritime is lagging behind other areas of business and industry in terms of digiti-
zation. This is especially true in developing countries. Therefore, in this chapter, the
results of two case studies on digitalization in maritime, conducted in developing
countries, are presented, along with some comparative analyzes with developed
countries in certain areas. These studies were conducted on a relatively small sample
and in the future, longitudinal studies should be conducted on a larger sample and in a
larger number of countries in transition. The results should be presented to ICT&S
designers in developed countries in order to find solutions for intelligent design of
ICT&S in maritime in perspective. These systems should provide benefits for all. If we
strive for sustainable development, then it must ensure development for all. Entire
continents cannot be excluded from the plans for further development of ICT&S,
artificial intelligence, and virtual reality. This, of course, requires a broader platform,
which includes standardization of ports and ships as basic maritime structures onto
which ICT&S are built.

General knowledge about new technologies in developing countries exists, but
there is a lack of expertise when it comes to hardware, software, network architecture,
cyber safety, security, etc. Furthermore, developing countries suffer lack of funds for
investments in advanced ICT&S. These countries are excluded from the strategic
plans on the development and implementation of new ICT&S solutions. The govern-
ments should consequently invest more into attaining sound knowledge in contem-
porary ICT&S, including disruptive technologies like blockchain and its
implementation in global supply chains. Standardization in maritime is the key
enabler of faster modernization. In addition, profound research of internet connec-
tivity at sea is of crucial importance for further development of IoT applications in
maritime as the key condition for achieving equal presence of ICT&S applications on
land and at sea. Maritime industry and high(er) maritime education institutions
should cooperate much more closely to alleviate the gap between developing and
developed countries in terms of achieving a higher level of graduates’ employability,
while the sphere of digitalization can provide many opportunities in this respect.
Rising awareness about digital transition in maritime and opening discussions among
professionals and academics should become common practice. The involvement of
legislatures and tight collaboration of key stakeholders in maritime emerging
economies are necessary regarding harmonization of ICT&S deployment across global
maritime ecosystem and overcoming the existing gap in digitalization.
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Chapter 7

Autonomous Warehousing: 
Development and Application of a 
Maturity Model
Herbert Ruile and Lukas Lichtsteiner

Abstract

Warehouse systems are complex elements in the flow of goods and information in 
value-creating systems. Their efficiency and effectiveness depend to a large extent on 
the availability and continuity of information flow and their advanced technical and 
organizational resources. Recent technological developments in robotics, digitalization 
and Internet of Things open the pathway towards integrated and autonomous value 
chain operations. This book chapter describes the development of a measurement 
model to assess the maturity of autonomous warehouse systems beyond partially 
automated processes. The model considers technology readiness level, business process 
maturity as well as organizational capabilities. The maturity model is applied and 
discussed in a case study.

Keywords: warehouse, internet of things, autonomous systems, maturity model,  
case study

1. Introduction

Warehouse systems are elementary components of value creation systems to 
balance demand and supply with an optimal stock of goods. There is no management 
of value networks in which decisions do not have to be made about the right location, 
equipment and management of the warehouse. When design and warehouse manage-
ment is properly understood, it has been shown to result in higher productivity, lower 
inventory and higher customer and employee satisfaction [1].

The corona pandemic has caused a rapid acceleration of the e-commerce market 
while highlighting the vulnerability of supply chains and the availability of materi-
als, transportation, and production capacity. With the increasing importance of 
e-commerce, the demands on the warehouse are rising in terms of product variety, 
availability, and delivery times for the customer. It is not surprising that investments 
are currently being made in the management of value creation systems and their 
central element, the warehouse system [2]. Storage systems take on elementary tasks 
in the management of material flow: Goods receipt, put-away, storage, picking as well 
as dispatch. In addition to the actual storage and inventory management, further and 
diverse services are added, often resulting from a reconfiguration of the supply chain: 
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including packaging and labelling, quality controls, repairs, assembly, repackaging, 
reassortment, and more [3, 4].

In addition to high service performance, high warehouse-productivity is always 
understood as the goal. The most important factors affecting the productivity of a 
warehouse system include the number of employees and the degree of automation, 
which in turn interact with each other [5].

The adoption of technological developments is therefore inevitable for logistics 
productivity. The evolution of information and communication technology in the 
last decade resulted in the formulation of industry 4.0, Internet of Things or Cyber-
Physical Systems, which we here use synonymously for the latest manifestation of 
digital development. The development of the digital transformation has been called a 
quantum leap, the 4th industrial revolution, which will radically change our economy, 
indeed our society [6]. It is therefore understandable that industry 4.0 will also have 
an impact on SCM, logistics and warehousing [7, 8].

There is a consensus that industry 4.0 pursues the goal of intelligent networking 
of products and processes in the value chain to increase process efficiency, improve 
customer service or offer more individualized products and services. We, therefore, 
follow the industry 4.0 definition applied for supply chain management of [8]:

a. products and services are linked to each other via the Internet

b. the digital linkage allows automated and self-optimized production of products 
and services, including logistics, without human interaction

c. the value network is controlled peripheral while system elements decide 
autonomously.

Industry 4.0 is thus expected to make logistics systems more decentralized, self-reg-
ulating and efficient. In this context, the core term autonomy is used widely, frequently 
and consistently. Therefore, we use autonomy also for the warehouse as part of the value 
chain and logistics. Using the term, it also forces a differentiation from automated ware-
houses or smart warehouses. Whereas the former relies more on central units with little 
self-regulation and the latter describes above all the efficiency effect in the warehouse 
process generated by transparency [7]. In the context of autonomous warehousing, it is 
thus assumed that the warehouse subsystem can be designed as a decentralized system of 
the value chain, self-regulating and without human interaction. At least during defined 
periods of time—a shift extension, additional shift, whole day or weekend—autono-
mous operation would impact positively the overall equipment efficiency. Identifying 
and understanding the gap between existing warehouse systems and the ideal situation 
of an industry 4.0 solution would indicate necessary progress and actions to be taken.

Hence, our research questions are:

a. How to describe the maturity level for warehouse systems?

b. How to assess the individual maturity level?

c. Can action and development paths be derived from this assessment?

We structured the paper accordingly to the recommended methodological 
approach of maturity model development [9], starting with a literature review, 
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followed by the model-building approach and the model description. The paper con-
tinues with the model application on a single case study and closes with preliminary 
discussion of the results and conclusions for research and management.

2. Literature review

Based on the goal to measure areas of autonomy in warehouses, a literature review 
was performed. The following chapter will describe the methodological steps that 
were deployed to collect relevant information.

To begin with, relevant keywords for the search of the literature were derived. As 
the objective suggests, the main keywords would incorporate ‘warehouse’ and ‘matu-
rity’. Regarding warehousing in general, an important limitation was considered, 
namely the exclusion of ‘data warehouses’. Therefore, the initial search term includes: 
‘warehouse maturity’ – data warehouse. The search term is listed in quotation marks, 
which allows to search for exact matches in the title of a publication. Next, a search 
engine of google (scholar.google.com) was selected. This initial search for hits in the 
title led to only one result. Hence, the authors decided to enlarge the search to other 
functional areas including logistics (4.0), industry 4.0 and SCM in general. During 

Nr. Authors Year Title

1 Warehouse Research 
and Educational 

Council

2021 Warehousing & Fulfillment Process Benchmark & Best 
Practices Guide

2 Salhieh and Alswaer 2021 A proposed maturity model to improve warehouse 
performance

3 Logistikum Switzerland 
GmbH

2021 Warehouse Reference Process (Maturity) Model

4 Facchini et al. 2020 A Maturity Model for Logistics 4.0: An Empirical Analysis 
and a Roadmap for Future Research

5 Zoubek and Michal 2021 A Maturity Model for Evaluating and Increasing the 
Readiness of the company within the concept of Industry 4.0 

with a focus on internal logistics Processes

6 Asdecker and Felch 2018 Development of an Industry 4.0 maturity model for the 
delivery process in supply chains

7 Competence Centre 
Medium-sized 

Businesses

2018 Self-Service to assess the readiness for industry 4.0  
in a company

8 Leyh et al. 2016 SIMMI 4.0—A maturity model for classifying the enterprise-
wide IT and software landscape focusing on Industry 4.0

9 Sony and Naik 2018 Key ingredients for evaluating Industry 4.0 readiness for 
organizations: a literature review

10 Santos and Martinho 2018 An Industry 4.0 maturity model proposal

11 Zoubek and Poor 2021 A Maturity Model for Evaluating and Increasing the 
Readiness of the company within the concept of Industry 4.0 

with a focus on internal logistics Processes

Table 1. 
Selected studies from performed literature review).
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this first intervention, a higher amount of search hits was achieved. In total 11 addi-
tional hits were registered for the logistics 4.0 field. Next, 10 hits were counted for the 
area of industry 4.0 and finally, 5 relevant hits were registered for maturity models 
in SCM. For these results, titles, abstracts and summaries were analyzed. A second 
intervention was carried out and a deeper look at the publications revealed short-
comings, which led to the exclusion of 8 sources from logistics (4.0), 6 sources from 
industry 4.0 and 5 from SCM. On the other hand, a snowball-approach was deployed 
to investigate more into references made by relevant authors. This route led to 3 more 
interesting studies (2 from warehousing and 1 from industry 4.0). The final selection 
encompassed 11 papers that were further analyzed (Table 1).

2.1 Maturity dimensions

Since we were interested to find relevant dimensions in which the maturity of 
warehouses towards autonomy could be measured, we extended a request into our 
professional network of warehousing and SCM experts. The goal was to develop 
a reference process for warehousing that allowed to search for commonalities and 
deviations in the registered search results. These findings would eventually help us 
to confirm or to discard certain elements from the maturity model. The expert talks 
helped to confirm initial assumptions and extended the knowledge in this domain. 
As a summarization, the following essential process-steps were identified: deloading 
(of trucks), receiving, material handling and put-away, storage control (inventory 
management), picking, packing, loading (of trucks) and shipping. The expert rounds 
assisted in uncovering another selection of important functional areas that would 
complement the initial approach. These are the yard management as well as manage-
ment of information technology, which is critical for the seamless flow of informa-
tion, goods and finances. The dimensions identified were then mirrored against the 
papers to find commonalities and differences.

As shown in Table 2, the first comparison of the reference process with existing 
literature highlights important findings. In comparison to the Maturity Model of 
WERC [10], it is found that all aspects of the reference process, apart from de-loading 
and yard management, could be confirmed. Subsequently, the reference processes 
were investigated regarding the study of Salhieh and Alswaer. Table 2 demonstrates 
that less commonalities could be identified. At least receiving, put-away, picking and 
shipping could be confirmed as overlapping process steps. Unlike the previous model, 
Salhieh and Alswaer clearly refer to maturity levels and recommend the usage of 5 dif-
ferent maturity levels. Lastly, the reference process was mirrored against the previous 
work of the authors. Related to an external project, the authors outlined a basic model 
to describe interactions and dependencies in modern warehousing. The comparison 
reveals that most of the process steps could be confirmed, apart from receiving, stor-
age control, packing and shipping. As previously, 5 maturity levels were listed.

As outlined in the previous part of this chapter, the analysis was later extended into 
the area of logistics (4.0). This comparison is based on three studies. The first one covers 
the development of a maturity model for logistics 4.0 and includes a roadmap for further 
research [11]. The second paper goes into details regarding a framework for logistics 
maturity assessments, respectively with a portion that considers internal logistics [12]. 
Lastly, Asdecker and Felch present the development of maturity model for the delivery 
process in supply chains [13]. Unlike the previous comparison, the authors proceed 
without a detailed comparison against the reference process. The results were not fruitful 
enough and there were not enough commonalities to justify further discussion.
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Contrasting, the section of literature related to industry 4.0 brought up 
interesting findings. Firstly, the reference process had to be adapted, since indus-
try 4.0 covers more areas than warehousing alone. Commonly established models 
describe the vision of industry 4.0 with a variety of aspects: Business models, dig-
ital products & services, processes, production, social aspects, organizational fac-
tors, IT and digitalization and logistics. The first selected publication originates 
at the ‘Competence centre for medium-sized business of North Rhine-Westphalia’ 
and was later adapted by another company since public funding halted [14]. Next, 
the paper of Leyh et al. is referred [15]. The scientists consider assessing the IT 
and software landscapes of enterprises and propose a model for companies to 
increase their readiness for industry 4.0. Thirdly, the paper of Sony and Naik was 
selected, in which a literature review provides the basis to discuss the key ingredi-
ents for evaluating industry 4.0 readiness in organizations [16]. Fourthly, a study 
of Santos et al. is referenced, who discuss and propose an industry 4.0 readiness 
model [17]. Lastly, an additional study by Zoubek et al. was selected. It addresses 
a maturity model which could assist in evaluating and increasing the readiness 
within the concept of industry 4.0 while considering a focus on internal logistics 
processes (Table 3) [18].

Like the foregoing section, the goal of this comparison is to identify corresponding 
and deviating aspects regarding constituent elements of industry 4.0. Considering 
the information that can be extracted from the readiness assessment of NRW’s com-
petence centre, most of the elements seem to reappear. The same applies to the paper 
of Leyh et al., although the emphasis on digitalization, integration and cross-sectional 
technology implementation is stronger. Sony and Naik and Santos and Martinho 
mostly confirm previous findings but underline the importance of smart, respectively 
intelligent products, services and processes. From the comparison with the more 
general study of Zoubek and Poor, the emphasis is put on production and logistics as 
well as information technology.

Reference process WERCa (2021) Salhieh & Alswaer (2021)

Functional 
areas

De-loading n/a n/a

Receiving Receiving and inspection Receiving

Material handling and put 
away

Material handling and put 
away

Put away

Storage control Storage and inventory 
control

n/a

Picking Picking Picking

Packing Packing n/a

Loading Load consolidation n/a

Shipping Shipping Shipping

Yard mgt. n/a n/a

IT mgt. Warehouse mgt system 
(WMS)

n/a

Maturity levels n/a 5
aWarehouse Education and Research Council

Table 2. 
Analysis of commonalities and differences of warehouse reference process in warehousing literature.
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2.2 Maturity levels

Apart from the maturity dimensions that were discussed, a second approach was 
used to study the maturity levels of different models. While maturity dimensions point 
to the area where the measurement for maturity will take place, levels are used to assess 
a certain readiness in a particular area. To perform this assessment, it is important to 
consider that maturity levels should be chosen coherently and either in a quantitative 
or qualitative way. This definition also affects the interpretability of the results.

Regarding the first group of papers that were analyzed, mostly similar layouts of 
maturity levels were found. Due to a paywall, the maturity levels of WERC’s maturity 
model could not be accessed. The research of Salhieh and Alswaer refers to 4 different 
maturity levels. To assess the maturity of areas like integrated warehouse performance 
measures, the two scientists propose levels starting from negligible, low, moderate or 
high. Each of the levels has more details to it, for example, a negligible maturity level 
would correlate with sub 25% usage or deployment of a certain measurement, while a 
high maturity level would correspond to the usage of performance measures that is in 
the range of 75–100%. Next, the investigations of Logistikum Schweiz GmbH resulted 
in 5 maturity levels. In the Warehouse Reference Process Model, various dimensions 
are addressed. As an example, the assessment in Yard Management Maturity refers to 
manual, mechanized, automated, digitally augmented or lastly, intelligent dark. To 
exemplify, the final intelligent dark maturity level would describe that all the work 

elements NRW Leyh et al. Sony and Naik Santos and 
Martinho

Zoubek and 
Poor

Business model, 
digital products 

& services

Business 
models

Digital product 
development

Smart product, 
smart services

Smart products, 
smart services

n/a

Processes Process mgt. n/a n/a Smart processes n/a

Production Planning, 
control of 

production

n/a n/a Smart factory Production

Social aspects Human-
machine-

interaction

n/a Employee 
adaptability 
towards I4.0

Work-force n/a

Organization, 
Strategy

n/a Vertical, 
horizontal 
integration

Organization, 
strategy, Top 
mgt. Support

Organizational 
strategy, 

structure, culture

n/a

IT, 
Digitalization

IT Systems Cross-sectional 
technology

Level of 
digitalization of 

organization, 
extent of 

digitalization of 
supply chain

n/a IT

Logistics Logistics, 
distribution, 

mgt. of public 
procurement

n/a n/a n/a Logistics

Maturity levels 5 5 n/a 6 6

Table 3. 
Analysis of design elements in industry 4.0 literature.
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and services are done in an autonomous way, including autonomously operating 
robots. Regarding the findings in the industry 4.0 section, mostly consistent levels 
were found. The competence centre for medium-sized businesses suggests 5 different 
levels. The starting point is marked by paper transfer of data, transfer of paper data 
in digital form, general usage of ERP systems, and digital data completeness until the 
automatic transfer of data. In a similar fashion, Leyh et al. suggest the application 
of 5 maturity levels. To assess the maturity of the IT landscape the following levels 
are used: basic digitization, cross-department digitization, horizontal and vertical 
digitization, full digitization and optimized full digitization. While Sony and Naik 
would not address the details of maturity models, suitable considerations can be 
found for the studies of Santos and Martinho as well as for Zoubek and Poor. Both 
suggest 6 maturity levels in their models. Structurally, they only differ slightly from 
the previously investigated models. This differentiation is based on the first, initial 
maturity level, which is congruent for both, as their first levels start at zero actions, 
respectively zero shares of implemented initiatives.

To summarize this comparative representation, all reviewed maturity models 
relate to well-established components of industry 4.0. If this comparison is extended 
to warehousing, some notable differences come to attention. While it is obvious that 
industry 4.0 maturity models address basic functions like process management, 
production and logistics, additional elements like social, organizational and tech-
nological viewpoints are addressed as well. These elements are rarely represented in 
functional maturity models, like maturity models of logistics processes or applied 
technologies in logistics.

3. Model building approach

Regarding the model development, a suitable methodological approach has to be 
chosen. Comparable investigations refer to the work of De Bruin et al. [9]. In their 
seminal paper, the scientists presented an often-cited approach that assists in devel-
oping specific maturity assessment models.

The approach is based on six subsequent phases: (1) scope, (2) design, (3) 
populate, (4) validate, (5) test and deploy and (6) maintain. Since this study is not a 
longitudinal study, only the first five phases will be used.

Phase 1: Scoping in the first phase of scoping, a decision must be made whether 
the model will address general or domain-specific use, which determines the scope 
and boundaries of the suggested model [9]. Apart from this decision, it is important 
to consider and include further stakeholders in the development of the model. This 
should ensure that possible benefits that result from the development or result from 
the use of the model can be shared with experts and vice-versa, experts can help and 
contribute to the model and its development stages. The exchange with science and 
industry is of great importance because it allows to build on existing knowledge  
and insights from previous research.

Phase 2: The design phase centres around five subsequent criteria, that determine 
the further layout of the model. They are intended to clarify the audience, the method 
of application, the driver of application, respondents and the application itself. For 
this study, the audience is mainly warehouse managers because they are directly 
involved in initiatives regarding the organizational and technological development of 
their facilities. Furthermore, the second audience of interest are consultants and audi-
tors, who are often involved in guiding and accompanying warehouses. The principal 
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method of application will be mostly based on structured interviews. Based on the 
clarification of the reason, why such a model should be applied and for whom it will 
be developed, the next chapter addresses the remaining design aspects.

Phase 3: Populate: The next phase is centred around the population of the maturity 
models in terms of content and requires the description of model components and 
model subcomponents [9]. This description clarifies what content needs to be mea-
sured for any given component or subcomponent. According to DeBruin et al., various 
approaches are suited to define the contents of each subcomponent. For example, 
a thorough literature review could be suited, as well as empirical approaches such 
as stakeholder interviews, surveys, focus groups and in-depth case studies. For the 
present study, a combination of approaches was chosen. Firstly, a literature review was 
conducted to identify basic components and subcomponents. Secondly, the study used 
individual expert talks and semi-structured interviews to validate the findings and to 
check if certain aspects need to be further adjusted. The results of the literature review 
are discussed in a previous chapter. The feedbacks resulting from the expert talks 
largely confirmed initial viewpoints and assisted in validating the principal assump-
tions of the maturity model.

Phase 4: Model validating: The validity and reliability of the maturity model 
in scope are in the focus of the fourth phase of model development, according to 
DeBruin et al. validity and reliability are important building blocks to ensure and 
strengthen the relevance and rigor of the model [9]. While the validity of the model 
is supposed to secure the correlation between factual and intended measurements, 
the reliability addresses if the obtainable results are accurate and repeatable. As in 
previous sections, referring to DeBruin et al. reveal different approaches to ensure 
such requirements. Surveys, interviews or literature reviews are among the options 
to be used in this regard. For the present study, all maturity dimensions and maturity 
levels are grounded in previous research publications and were validated in expert 
interviews. Therefore, the validity and reliability are confirmed.

Phase 5: Test and deployment. Within the last consecutive phase of model devel-
opment guidelines [9], the deployment of the model is addressed. Following the 
guidelines of DeBruin et al., this phase aims to clarify the generalizability of the model 
pursued. This can be achieved by applying the model within suitable case studies. 
DeBruin et al. refer to two separate approaches. In the first place, it is suggested to test 
the model within an audience consisting of stakeholders, who were directly or indi-
rectly involved in the development of the model itself. Secondly, the generalizability 
can be extended by discussing the model with an audience that is not part of a stake-
holder group, respectively is external to the domain of warehouse maturity research. 
By pursuing these two steps, the general acceptance of the model can be reflected and 
confirmed. For the research at hand, the testing of the model was done by discussing 
it with members of a specific focus group that is committed to develop the warehouse 
of the future and consists of various warehouse operators, consultants and solu-
tions providers with extensive experience in this domain. As a result of discussions, 
it could be found that the majority agrees with the proposals made by the authors. 
These discussions not only helped to ensure acceptance and demand for the model but 
also assisted in enriching the initial building. The focus group mentioned above also 
involves research partners from two universities of applied sciences. From each of the 
partners, one person who was not involved in the model development was asked to 
review the model and provide feedback to the authors. Like the first group, the authors 
could not learn about contributions that would question the current state of the model. 
To summarize, this initiative led to further confirmation of the model proposed.
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4. Definition of the maturity model

As discussed in the previous chapters, the search for commonalities and differences 
in antecedent maturity assessment models mainly led to findings that underline the 
process-oriented view. By considering this view, the initial model will assess the most 
important areas of action within a warehouse, such as unloading, receiving, put-away, 
storage, picking, packing, loading and shipping. During the investigations into maturity 
dimensions from other domains such as logistics and industry 4.0, more contributing 
aspects are identified. Notably, the maturity models from the domain of industry 4.0 
extend the initial process model. Regarding the first group of findings, the results that 
were obtained by comparing warehouse and industry 4.0 models pointed to additional 
important features, such as a general process-oriented approach, people, technology 
adoption and implementation and lastly organizational aspects. These features are 
considered relevant because they refer to the approach that industry 4.0 concepts take. 
These concepts are important for the present research, as this study is interested in 
assessing warehouse maturity regarding the realization of a fully autonomously operat-
ing warehouse – a concept deeply grounded in the environment of industry 4.0.

By combining these findings, it becomes apparent that the classical approach of 
a two-dimensional view, that most maturity models incorporate, starts to evolve. 
Currently, each dimension added to the model requires more attributes to be consid-
ered. The perspective of process control by management, the relevance of people in 
focused processes and the organization itself have consequences for each of the matu-
rity dimensions. It can be safely assumed that for each of these elements, individual 
maturities can be assessed and therefore addressed for improvements. Hence, the 
proposed maturity model includes for the first dimensions process-related ‘dimen-
sions’ and for the second dimension, intersectional factors like process and people 
management, technology applied and the organizational design (Figure 1).

As presented in the previous section, mostly consistent findings pointed to the 
usage of either 5 or 6 maturity levels. As explained by DeBruin et al. [9], it is important 
that all the levels are clearly defined, distinct and logically progressing from one to 
another. Furthermore, the authors underline the importance of all requirements and 

Figure 1. 
Warehouse maturity assessment model.
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how the measurements are detailed. In this reasoning, maturity levels are supposed 
to represent a certain degree of maturity in their respective dimension and allow for 
improvements in a chosen field of interest. To operationalize the measurements, every 
level needs respective denotation and furthermore, a general description. The pres-
ent approach proposes 5 generic and logically succeeding maturity levels, which are 
portrayed in the following table (Table 4).

Reflecting on the foregoing sections, the above illustration shows the warehouse 
maturity assessment model. In the upper-top area, the warehouse process-oriented 
dimensions are recognizable, while on the right-hand side the maturity levels are 
shown vice-versa. In comparison to other existing maturity models, the differences 
are becoming clearer as illustrated by the bottom area, which additionally integrates 
the socio-technical viewpoint. A socio-technical system usually considers three 
main building blocks: a technological, an organizational and a workforce-related, 
respectively human-oriented one. To complement the process-oriented maturity 
dimensions and interlink them with the socio-technical system, this study considers 
an additional, generic process management layer for this model. This link between the 
shopfloor-related warehouse processes and the management of those processes allows 
for a more complete and holistic analysis of other important aspects of warehouse 
maturity. Any process in each warehouse setting builds on organizational elements, 
technological equipment and foremost on people. Furthermore, processes can be 
characterized by flows of different types. The flow of goods (MFT) often marks a 
starting point, followed by the flow of information (IFT) and the flow of finances 
(FFT). Another important aspect to consider is the way organizations document their 
own processes. Such documentations mark an essential orientation for employees and 
managers who are involved in developing and improving current processes.

Since this study aims to measure maturity in various areas of warehouse opera-
tions, the above-listed maturity dimensions need to be adjusted individually. The 
required adjustments will still follow the above-defined generic maturity dimen-
sions but will slightly differ to capture the specific nature of maturity in selected 
warehouse maturity dimensions. As per follows, the required adjustments in the 
case of one exemplary maturity dimension, the process of unloading trucks, shall be 
presented.

Maturity level Description

Ignoring No awareness regarding needs for integration of advanced technology into operations. 
Missing knowledge about potentially beneficial advanced solutions, that could enhance 
flow of goods, information, finances.

Defining Need for integration is acknowledged, but missing knowledge in terms of 
implementation. Knowledge of advanced solutions available, but missing knowledge in 
terms of application.

Adopting Basic steps for integration of advanced technology initiated. Implementation of some 
advanced solutions, that enhance the flow of goods, information, and finances.

Managing Integration is driven forwards and affects most business areas. Most of the solutions 
currently available are implemented to enhance and improve operations.

Integrated Top level of integration is established, synergies show their full potential. All advanced 
solutions on the market are implemented, resulting in a seamless and optimized flow of 
material, goods, and information.

Table 4. 
Description of generic maturity levels.
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As Table 5 shows, the individual adjustments span over all sub-elements that were 
identified to be important per singular process-step. Table 5 extends these denota-
tions by addressing the sub-element of organization, where three more important 
elements were found.

As listed in Table 6, the extended denotations for the maturity levels of the sub-
element of organizational aspects are detailed.

Maturity dimension Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

Process documentation Not 
documented

Partial analogue 
documentation, 
no centralized 
storage

Centralized 
storage, analogue 
documentation

Partially 
digitized, 
slight 
deviations 
in analogue 
vs. digital 
storages 
possible

Fully 
digitized, 
centralized, 
always 
available via 
dedicated 
platform 
solution (e.g., 
QMSa)

Material flow Manual 
unloading, 
manual 
transfer

Mechanically 
supported 
unloading (e.g., 
with forklifts)

Manual 
unloading to 
conveyor systems

Partially 
automated 
unloading 
(i.e., with 
automated 
forklifts and 
conveyor 
systems)

Automated, 
resp. 
autonomous 
unloading 
with robotic 
equipment

Information flow Manual 
processing of 
information, 
data islands

Data available 
in ERPs, no 
automated 
exchange of 
data between 
functional areas

Flow of 
data widely 
automated, 
available for pre- 
& anteceding 
process steps

Flow of data 
end-to-end 
available, 
automatic 
exchange of 
data between 
stakeholders

Digitized, 
fully 
automated 
exchange of 
data, ongoing 
use for 
optimizations

Technology No 
automation, 
service 
provision 
100% 
manually

Partial 
automation, 
human 
activities 
supported by 
mechanical 
equipment

Limited 
automation, 
human-machine-
cooperation

High 
automation, 
humans in 
charge of 
controlling 
only

Autonomous 
service 
provision, 
without 
any human 
interventions

People Semiskilled, 
no technical 
formation, 
no technical 
further 
education

Completed 
traineeship, 
and/or 
professional 
maturity, 
no technical 
further 
education

Completed 
traineeship and/
or professional 
maturity, 
technical further 
education done in 
last 3–5 years

Completed 
traineeship 
and/or 
professional 
maturity, 
recently 
completed 
technical 
further 
education

Completed 
traineeship 
and/or 
professional 
maturity, 
more than 
one recent 
technical 
further 
education, 
additional 
recent specific 
diplomas

aQuality management system

Table 5. 
Exemplary description of maturity dimensions for the process “unloading of trucks”.
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5. Case study

Sample firm: As an initial partner for the first application of this maturity assess-
ment, a company was selected which is engaged in providing warehouse facilities for 
pharmaceutical products. This company’s business is best described as a ‘pre-whole-
saler’. According to this business type, the selected company is providing logistical 
services for pharmaceutical companies. Typically, this includes warehousing and 
transportation of pharmaceutical products from the manufacturers to wholesalers, 
hospitals and in some cases to pharmacies directly. The business of pre-wholesaling 
is special, as the supplier of such services does not take title to the products they 
are storing, and ownership stays with the manufacturer until delivery is complete. 
Furthermore, pre-wholesalers do not maintain customer relationships with the 
intended recipient of the product, but with the manufacturers who pay a fee for the 
services used.

This company describes itself as very engaged in the digital transformation of its 
operations and has already undergone some small steps and test projects. Therefore, 
this company seems to be well suited for the application of the maturity model 
proposed. The company is described by roughly 100 million dispatches p.a. and about 
200 employees. Since its establishment, the company is engaged in improving its 
customers’ storage needs and providing various value-added services.

Data collection: To conduct an initial maturity assessment, the authors had to 
develop a questionnaire. As explained in the foregoing sections, the main building 
blocks of this questionnaire include warehousing processes as the main rationale for 
describing the maturity dimensions and corresponding maturity levels. In total, the 
questionnaire considers six questions per dimension. Regarding all dimensions (7), 
the total sum of questions equals 42 questions. The questions are directed to learn 
more about the specific state of maturity in the dimensions along the warehouse 
processes and can be detailed as follows:

Organization Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

Coordination Little 
coordination 
between roles 
and functions

Ad hoc 
coordination, 
if initiated and/
or required

Sporadic 
meeting for 
coordination

Matters of 
coordination 
regularly 
discussed

High coordination of 
roles and functions

Culture Absent 
company 
culture, 
potentials for 
improvement 
are not seen

Barely opened 
culture, 
potentials for 
improvement 
seen, but not 
discussed

Rather open 
culture, 
potentials for 
improvements 
seen and 
sporadically 
discussed

Mostly open 
culture, 
potentials for 
improvement 
are recognized 
and discussed 
regularly

Very open culture, 
systematic reviewing 
of potentials for 
improvement, 
implementations to 
follow

Resources Scarcity of 
resources, 
pressing needs 
cannot be 
satisfied

Scarcity of 
resources, 
required 
resources are 
granted rarely

Resources 
obtainable but 
complicated 
procedures, 
usually delayed

Resources 
obtainable 
through 
pre-defined 
procedures, 
rather timely

Resources can be 
easily obtained, pre-
defined procedures 
available, very timely 
and direct

Table 6. 
Description of maturity dimensions for the process ‘unloading of trucks’.
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• What is the maturity level of the documentation in this process? Is it possible 
for employees to access the documentation at any time if questions need to be 
resolved or the process is going to be reflected for improvements?

• What stage does the maturity have regarding the flow of material in the process 
of unloading trucks? Is the manual handling of material overweighing or do you 
already use assisting technologies to ease the effort and streamline the process?

• How would you describe the maturity of the flow of information? Does the orga-
nization tend to manual workings and share handwritings between functions or 
is it already more automated and using electronic interfaces?

• Which technologies are used in this process? We would like to identify all the 
technologies in place and assess individual maturity levels for each of them.

• To be able to assess the maturity of the workforce, please provide the state of 
formation and technical expertise for each of them?

• How would you describe the maturity of the organization itself in this subpro-
cess? This question includes and addresses three more aspects: the coordination 
between roles and function, the state of the company culture and the availability 
of resources.

The qualitative results that would be collected by this survey allowed the achieve-
ment of the principal objective.

Findings: The semi-structured interview allowed for capturing information not 
only tied directly to the questions involved but also information that helps to under-
stand contextual aspects.

Regarding the first question, respondents stated that the entire process docu-
mentation for the unloading process is stored digitally and accessible through a 
quality management system, which equals the highest level of maturity (5 of 5). 
Furthermore, the entire documentation is updated once per year through a predefined 
and participatory process. Every 3 years, all documents and instructions are subject 
to revision, guided by an external auditor. As assumed, the process documentation 
is indeed being used for internal advanced training. Apart from regulated measures, 
spontaneous initiatives like CIPs1 or unexpected other events could trigger an update 
within the documentation. The company acknowledges room for improvements 
regarding the use of digital signatures for increasing safety and accountability.

As for the second item of the questionnaire, the respondents explained that the 
flow of material within the process of unloading trucks is mainly mechanically 
supported by equipment such as forklifts. Regarding this information, the company 
reaches 2 out of 5 possible maturity degrees. The respondents further explained that 
they were pursuing a small number of initiatives to test a higher degree of automation 
using automated guided vehicles. In view of the maturity of the flow of information, 
diverse results were registered. Firstly, the interviewees pointed out that there is still a 
data island within the company since a considerable amount of data is not digitized at 
all and is handled by using and sharing handwritten memos (maturity level 1). At the 

1 Continuous improvement process.
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same time, the company relies on an enterprise resource planning system (ERP) that 
enables and supports business processes and communication with clients (maturity 
level 2). A further nuance could be registered, as some limited operations are also 
using streamlined electronic data interchange (EDI; maturity level 3). In turn, no 
unequivocal maturity level could be identified but rather a distribution over three 
different maturity levels became apparent.

The next item covered the maturity levels of technology applied in the process of 
unloading trucks. The respondents listed the different technological solutions cur-
rently in use, while the researchers connected them separately with maturity levels. 
A diverse picture began to emerge, starting with equipment of types such as forklifts, 
video surveillance and entry doors – which were counted in the category of least 
maturity, as they were all manually operated. The second level of maturity could be 
seen in equipment such as a packing machine, scanning devices and several displays 
(used for showing order-related information to shop-floor workers) as well as a 
semi-automated, web-based IT-system for the provision of slots for incoming trucks. 
In this category, the technologies assisted humans in their work but were not yet fully 
automated.

Regarding the next section, the maturity of the workforce was investigated. Since 
there was a total of 18 employees involved in this subprocess, the assessment turned 
out to be rather difficult. After several talks, the assessment team and the respondents 
concluded, that the 4th maturity level (5 as highest level) would be suited the most as 
it applies to more than 90% of the 18 employees. It was clarified that the job profiles 
were diverse and differentiating requirements were in place. The 18 employees can be 
distributed to different sub-areas within the unloading process, 2 of them to the area 
of ambient storage, 3 workers are in charge for regular daily business (e.g., adminis-
trative work), 6 persons to the area of goods receipt and 7 more were engaged with 
shopfloor activities, such as operating forklifts.

The last section of the semi-structured survey addressed the maturity of the 
organization, respectively selected important organizational features. The first item 
of interest points to the importance of internal coordination between functions and 
roles. The interviewees declared that most of the coordination takes place in the 
form of rather irregular internal meetings. Although in some cases, the meetings 
are scheduled and follow pre-defined protocols. In sum, the maturity level for the 
coordination falls between levels 3 and 4. The second item of this category directs 
to the state of the company culture. Like the foregoing assessment, the respondents 
explained that the company culture is mostly open, where potentially interesting 
external contributions—such as innovative technology—are openly acknowledged, 
while the discussion on such aspects is rather rare. The respondents were not com-
pletely unambiguous, and some pointed out that the assessment might also hit the 4th 
level of maturity here, which corresponds with slightly increased awareness towards 
valuable contributions. Finally, the item of resource management and availability 
was highlighted. Again, it was laid out that in most cases, the request for additional 
resources is often characterized through rather complicated procedures but could also 
be sped up, if there is a critical demand to meet.

6. Discussion

The main goal of this research was to develop the principal building blocks of a 
warehouse maturity model and to apply them to a real case. To reach this objective, 



111

Autonomous Warehousing: Development and Application of a Maturity Model
DOI: http://dx.doi.org/10.5772/intechopen.104184

we initially performed a literature review to explore available maturity models that 
address warehouse maturity towards automation and, more importantly, autonomy. 
We found that there is a relative scarcity of models to build on. Therefore, our model 
is based on warehouse processes as an orientation for developing maturity dimen-
sions. Because the concept of industry 4.0 postulates a holistic transformation of 
business models a focus on process maturity does not match with an integrated 
approach. Aspects such as technology management, the way the organization works 
internally and the importance of the workforce will have an impact and should be 
considered when assessing maturity in warehouses. By the integration of the industry 
4.0 model as well as organizational maturity, we enriched the process model in order 
to achieve an integrated maturity model for the autonomous warehouse. To apply and 
test the maturity model, we used a single case study of a midsized logistics service 
provider. The main business activity is pre-wholesaling for pharmaceutical products; 
the main service is warehousing for manufacturers of pharmaceutical products and 
related value-adding logistics services. For the assessment itself, we used document 
analysis, semi-guided interviews with operators and management, process walks as 
well as interactive workshops to capture in-depth information, and to discuss and 
interpret the findings. The assessment was performed by three researchers in one day 
workshop. In the maturity assessment conducted, the process was able to identify 
and confirm both the current state and the development needs for an autonomous 
warehouse system.

Our observations allowed for a multi-dimensional view of the maturity of the 
warehouse system of this company. The predefined levels were easy to understand 
and sufficient in differentiating levels. The application procedure ensures a concise 
assessment providing further insights into how the company handles challenges and 
opportunities as well as how to meet customers’ increasing requirements.

As the maturity levels were pre-described, the assessment is a semi-qualitative 
approach. Therefore, it gives room for individual understanding and interpreta-
tion. The selection of interview partners, as well as the workshop structure, allows 
to establish an integrated understanding of the actual situation. As industry 4.0 
postulates an integrated transformation, which affects not only technology but also 
people and organization as well, the model was not able to describe and evaluate the 
inter-relationship between technology, organization and people maturity. It seems to 
be obvious that technology impacts organizations and people, but the knowledge and 
design for it require further investigations.

7. Conclusion

In the last decade, many technological innovations became readily available for 
warehouse operators across the globe. It is a challenge for any warehouse operator to 
select the most fitting and efficient technologies to stay competitive among other fac-
tors on the market. The change towards networked and intelligent operations is ongo-
ing and the pressure to innovate is one of many driving factors. Maturity models can 
mark an important waypoint in this challenge since they allow an efficient qualitative 
as-is analysis of operations and are able to support the development of integrated 
roadmaps. In this light, the authors aimed to develop and test such a maturity model 
in a practical environment.

For the development of the maturity model, we built on the recommendations by 
DeBruin et al. [9] and considered relevant literature and expert interviews to validate 
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and ensure reliability and rigor of the maturity model. By using a single case study, 
we initially deployed and tested the maturity model and the application procedure for 
the good receiving process from unloading trucks to storing the goods.

The maturity model for the future of warehousing integrates maturity dimensions 
of process, technology and organization, which is postulated by industry 4.0. The 
model describes in detail the maturity in five levels, in two dimensions and subordi-
nated categories. In total 32 elements.

The application of the model in a single case study results in a correct, comprehen-
sive and intuitive reproduction and representation of the actual warehouse situation 
landscape.

The new model includes and considers aspects from industry 4.0 approaches such 
as autonomy and organizational design. By this, our model outlines a more holistic 
approach to the digital transformation of warehousing as part of an autonomous value 
chain. We have tested the model on a single case study in Switzerland, which does not 
allow to make assumptions on any other industries, company sizes or countries. Even 
we may recognize low maturities and gaps for each company, there is no indication 
of reasoning to invest for achieving a higher level. The context-specific application of 
the model may rise drivers and hurdles for continuous warehouse developments.

For warehouse management as a socio-technical system that considers people, 
process, technology and organization, the application of the model gives opportuni-
ties for improvement in a holistic way: maturity in logistics processes, technology 
and organization. Using this model as a starting point to design the transformation 
roadmap for the warehouse of the future gives awareness about the interrelation-
ship in multiple dimensions. Even if we do not know exactly the interrelationships 
between the dimensions, it makes clear that digital transformation in logistics is more 
than implementing technology. It will affect management processes as well as roles, 
rules and according technical and collaborating skills.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 8

Fluid Inventory Models under
Markovian Environment
Yonit Barron

Abstract

Today’s products are subject to fast changes due to market conditions, short life
cycles, and technological advances. Thus, an important problem in inventory planning
is how to effectively manage the inventory control in a dynamic and stochastic envi-
ronment. The traditional Economic Order Quantity (EOQ) and Economic Production
Quantity (EPQ) both are widely and successfully used models of inventory manage-
ment. However, both models assume constant and fixed parameters over time.
Unfortunately, most of these assumptions are unrealistic. In this study, we generalize
the EOQ and EPQ models and study production-inventory fluid models operating in a
stochastic environment. The inventory level increases or decreases according to a
fluid-flow rate modulated by an n-state continuous time Markov chain (CTMC). Our
main objective is to minimize the expected discounted total cost which includes
ordering, purchasing, production, set up, holding, and shortage costs. Applying
regenerative theory, optional sampling theorem (OST) to the multi-dimensional mar-
tingale and fluid flow techniques, we develop methods to obtain explicit formulas for
these cost functionals. As such, we provide managers with a useful framework and an
efficient and easy-to-implement tool to coop with different demand–supply patterns.

Keywords: Inventory/production, Markov chain, Fluid flow, Renewal theory,
Martingales, EOQ, EPQ

1. Introduction

An important problem in inventory planning is how to effectively manage the
inventory control in a dynamic and stochastic environment. Particularly, today’s
products are subject to fast changes due to market conditions, short life cycles, and
technological advances. The uncertainties in the supply-chain hierarchy make inven-
tory control very challenging and the structure of the optimal policy is still unknown;
thus, both researchers and practitioners are focusing on relatively simple control
policies. This focus is especially true in practice where there are uncertainties in the
production rate, demand rate, and lead time. The specification of the production rates,
order quantities, the storage capacity and the backlog possibilities has to take into
account the costs for ordering, production, the holding of inventory, backlogging, and
lost sales. For example, for a factory Manufacturer, fixing the production rate at some
high level or ordering a large quantity avoids backlogs but may cause high production/
order cost and inventory costs; however, fixing the production rate at some low level,
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or ordering many but small quantities may lead to severe backlogging costs and the
loss of sale opportunities. An inventory control policy governs inventory replenish-
ment decisions by specifying when and how many items should be ordered or pro-
duced, thus, the planning of such a supply chain subject to market uncertainty is
challenging in terms of dealing with uncertainties and variations.

The traditional Economic Order Quantity (EOQ) and Economic Production Quan-
tity (EPQ) both are widely and successfully used models of inventory management
(see Nahmias [1]). In the classical EOQ model the demand occurs at a constant rate,
and each time the inventory level hits level 0 an immediate and fixed order of size Q is
placed. In the classic EPQ model, every production cycle is composed of ON and OFF
deterministic periods. There exists a predetermined level, say Q, such that the system
is ON and the inventory level increases from level 0 up to level Q . When level Q is
reached, the production is stopped and the inventory decreases down to 0. The time it
takes from Q to 0 is the OFF period. Notice that the EOQ model, in which the items
are obtained from an outside suppliers, is just a special case of the EPQ model, by
letting the production rate to be almost infinite.

The EOQmodel derives the optimum order size that should be placed with a vendor
to minimize the holding and ordering costs. On the other hand, the EPQ model deter-
mines the optimum production size that is to be manufactured to avoid unnecessary
blockage of funds and excess storage costs. Both models consider the timing of
reordering or production, the cost incurred due to order/production, and the holding
costs to store items; holding cost can further be in the form of rentals for the storage
area, salaries of personnel looking after the inventory, electricity bills, repairs, mainte-
nance, etc. Thus, both models describe the trade-off between fixed ordering/producing
costs and variable holding costs. Furthermore, both models assume that the demand
and production rates are constant over time. The traditional EOQ model assumes that
the order arrives with no time, and its replenishment will happen as soon as it reaches
the minimum threshold level (usually level 0). Similarly, the traditional EPQ model
assumes that the production can starts immediately as the stock goes down below a
minimum level (usually level 0). The price is fixed and constant while making a
purchase under EOQ or producing under EPQ. The key difference between the two is
that the EOQ model is applied when the items are ordered from a third party, and the
EPQ model comes into use when the company is the producer itself of the products.

Unfortunately, in real-world, most of the above assumptions are unrealistic;
holding and ordering costs may vary due to change in rentals, salaries of personnel,
and other overhead expenses. The demand rate, as well as the price of a product,
can hardly be constant. They fluctuate a lot in the real world. Consumer income,
tastes, and preferences, prices of inputs and raw materials, seasonal variation in
demand, etc. are key factors that will affect demand as well as price. Similarly,
under the EPQ model, the production process also does not remain constant
because of factors like an interruption in power supply, breakages, and repairs in
plant and machinery, overheating, change in the quality of inputs and raw
materials, etc.

Moreover, as a consequence of home shopping, changes in customer preferences,
technological advancements, and competition, modern sales and production compa-
nies often offer a take-back guarantee. Companies soften customers’ risk by offering a
trial period for their products, thus, policies such as the right to return goods have
become a part of daily routine. As a result, companies realize that a better under-
standing of returning items can provide a competitive advantage (Beltran and Krass
[2], Fleischmann et al. [3], Pinçe et al. [4], Shaharudin et al. [5], and Barron [6, 7]).
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The real need for guidance on how best to handle these uncertainties in demands,
returns, productions, and costs motivates this study. We consider a continuous sto-
chastic fluid inventory model for a single-item infinite horizon. Our main focus is to
provide contributions to the study of inventory systems modulated by a Markovian
environment. In the literature, dynamic control of stochastic inventory systems have
been classified as periodic review models and continuous review models. In the case of
continuous model, the inventory level (i.e., the number of on-hand items) can be
viewed as a fluid process in which the production and demand rates undergo
recurring changes in a stochastic fashion, and may be modeled as Markovian.

Markov-modulated fluid flows models have been an active area of research in recent
years; one of their main applications is to the modeling the traffic evolution in commu-
nication channels. A standard example of a fluid flow is given by an infinite capacity
buffer with inflow and outflow rates controlled by a Markov chain. The buffer level
increases or decreases linearly at the current rate; when the buffer becomes empty,
several strategies can be applied; it can remain empty until the inventory content level
reaches a certain barrier (see, e.g., Boxma et al. [8], Kulkarni and Yan [9], Bean and
O’reilly [10], and Barron and Hermel [11], Baek et al. [12], and Baek et al. [13]) or it can
have positive jumps at the boundary (see e.g. Kulkarni and Yan [9, 14], and Barron
[6, 15]). Fluid flow models are appropriate in situations where the arrival is comprised
of a discrete unit, but the inter-arrival time between successive arrivals is negligible.
Therefore, the arrival can be approximated by a continuous flow of fluid as individual
units have less impact on the performance of the system. Such fluid queues are used as
modeling tools of high-speed communication networks, transportation systems, con-
gestion control systems, risk processes, and production-inventory systems.

In this study, the on-hand inventory level ℐ ¼ I tð Þ : t≥0f g increases or decreases
according to a fluid-flow rate modulated by an n-state Continuous-Time Markov
Chain (CTMC). The fluid process is the inventory position or inventory level under
continuous review where the environment process represents the varying background
state. A jump in the fluid level represents an external order arrival, and the transition
at the background state can be the result of repairs or production facilities, etc. The
cost structure includes an ordering cost for each order, a variable cost that is propor-
tional to the actually replenished amount (both for EOQ), a set up cost for production
line initialization, a production cost per item (both for EPQ), a holding cost per unit of
inventory during time unit, and a penalty cost in case of shortage.

Due to the complexity of the optimal policy, these inventory/production fluid
systems are challenging to optimize, and great effort in the past focused on
constructing various heuristic policies (Mohebbi [16], Kouki et al. [17], Barron [18],
and Barron and Dreyfuss [19]). Fluid versions of the EOQ model are studied in
Kulkarni and Yan [9], Yan and Kulkarni [20], Kulkarni [21], Berman et al. [22],
Berman et al. [23], Berman and Perry et al. [24], and Barron [15] and the references
therein. We also mention another related model, so-called clearing system (see Kella
et al. [25], Berman et al. [26], and Barron [27]), which can be regarded as a dual EOQ
stochastic model. In a clearing system, the fluid process jumps back to zero when it
reaches a certain positive level. For background on stochastic EPQ models, we cite
Vickson [28], Kella andWhitt [29], Boxma et al. [8, 30], and Barron [7] among others.

In this chapter, our main objective is to minimize the expected discounted total
cost using a discount factor β>0. For that, we develop techniques enabling us to
determine all the costs in such vendor-managing-inventory models in a closed-form.
Our analysis is based on a combination of a certain martingale technique and an
application of fluid flow theory to semi-regenerative processes. The martingale
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approach was introduced by Asmussen and Kella [31] and was frequently used in the
study of inventory models (see, e.g., Boxma et al. [8], Kella et al. [25], and Barron
et al. [27, 32]). The matrix-analytic approach and the theory of Markov-modulated
fluid flows was initiated by Ramaswami [33] and Ahn et al. [34], who developed a
unified methodology for studying a large class of insurance risk models via fluid flows
by making use of the connection between the surplus process of an insurance and a
particular fluid flow.

As we will show, the exit-time results are used to efficiently derive LST (Laplace–
Stieltjes transform) functionals associated with the discrete-type measures, while the
combination with the martingales yields simple expressions for the continuous-type
measures. These explicit expressions can then be used for an analysis of the depen-
dence of the cost functionals on the system parameters or for optimization purpose
when some of these parameters (e.g. the order amount, the threshold levels, or the
costs) are taken as decision variables. As such, we provide managers with a useful
framework and an efficient and easy-to-implement tool to derive the best parameters
and to compare the results of different demand–supply patterns.

We start by introducing the main tools of our analysis to be used.

2. Main tools

In the following, we will briefly introduce our main tools: (a) the matrix-analytic
approach and the theory of Markov-modulated fluid flows, initiated by a series of
papers by Ahn and Ramaswami [34–37] and Ramaswami [33] and (b) an application
of the optional sampling theorem (OST) to the multi-dimensional martingale of
Asmussen and Kella [31].

Here and in the following, we use bold symbols to denote vectors and blackboard
to denote matrices. To be consistent, for any matrix , we shall denote its elements by
ð Þij or by ½ �ij and reserve the notation ij for the sub-matrix of  with row indices in
the set ℑi and column indices in the set ℑ j. Moreover, for n-vector x, we use ΔX for a
diagonal matrix Δx ¼ diag x1, x2, … , xnð Þ: We further use E and Ei to represent expec-
tation and conditional expectation operators, respectively.  (E) represents a matrix
(a vector) of expectations. We denote by e a column vector with ones, i.e. e ¼
1, 1, … , 1ð ÞT, by ei a row vector with the ith component equal to 1 and all the other
components 0, by  the identity matrix, by 0 the zero matrix (all with the appropriate
dimensions); finally, by 1 Af g the indicator of an event A.

2.1 Markov modulated fluid flow (MMFF)

Let ℑ be a state space that can partitioned into two sets: ℑ ¼ ℑ1 ∪ℑ2, with ℑ1j j ¼
n1, ℑ2j j ¼ n2, and ℑj j ¼ n1 þ n2 ¼ n: Now, we introduce a modulating continuous
time Markov chain (CTMC) fJ tð Þ; t>0g with that state ℑ, and a fluid process
F tð Þ; t≥0f g that is modulated as follows: whenever the Markov chain is J tð Þ ¼

i∈ℑ1, the fluid flow increases linearly at rate ci >0 and whenever it is in J tð Þ ¼
j∈ℑ2, the fluid flow decreases linearly at rate c j

�� ��>0 c j <0
� �

: The two-dimensional
stochastic process F tð Þ,J tð Þ, t≥0f g is called a MMFF (Markov Modulated Fluid
Flow) process. We denote by  the infinitesimal generator matrix of J tð Þ;  is given
in a block form according to transitions between the sets ℑi (i ¼ 1, 2). Let 1,2 and 
be diagonal matrices as follows:
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 j ¼ diag cij j, i∈ℑ j
� �

, j ¼ 1, 2:

 ¼ diag 1,2ð Þ:

Let τ xð Þ ¼ inf t>0,F tð Þ ¼ xð Þ be the first passage time to level x: Let Ψ βð Þ be an
n1 � n2ð Þ matrix whose ijth component is

Ψ βð Þ½ �ij ¼ E e�βτ 0ð Þ,J τ 0ð Þð Þ ¼ jjF 0ð Þ ¼ 0,J 0ð Þ ¼ i
� �

i∈ℑ1, j∈ℑ2,

which is the LST of τ 0ð Þ restricted to the event that the fluid process hits level 0
in-phase j∈ℑ2 and given that F 0ð Þ ¼ 0,J 0ð Þ ¼ i∈ℑ1: In the literature, a few
algorithms, including some quadratically convergent ones, were established for
computing Ψ βð Þ (and all other LSTs); see, e.g., Ahn and Ramaswami [36]. Let
τ x, yð Þ be the first passage time of F from level x to level y, and b

aτ x, yð Þ be the
first passage time of F from level x to level y avoiding a visit below a or above
b (for simplicity, we use bτ x, yð Þ�b

0τ x, yð Þ and aτ x, yð Þ�∞
a τ x, yð Þ). Let f̂ x, y, βð Þ and

b
af̂ x, y, βð Þ denote, respectively, the LST matrices of the joint distribution of the
first passage times τ x, yð Þ, b

aτ x, yð Þ and the state of the phase process at each first
passage time.

An important variant of the fluid flow F , a Reflected Fluid Flow, is particularly
useful in the analysis of our inventory level process. The reflected fluid flow F r is
obtained by reversing the roles of the up and down environment states. Analogous,
Ψr βð Þ is the matrix (of order n2 � n1ð Þ) whose i, jð Þ component is the LST of the time
to reach the level 0 for the process F r restricted to J r τ 0ð Þð Þ ¼ j∈ℑ1, given that
F r 0ð Þ ¼ 0 and J r 0ð Þ ¼ i∈ℑ2, where J r tð Þ is the modulated state process for F r (we
use notations f̂

r
x, y, βð Þ and b

af̂
r
x, y, βð Þ to denote quantities similar to those above

defined for F r).
All these matrices, for hitting times, that we will use are straightforward to evalu-

ate once we have computed Ψ βð Þ: Table 1 displays the basic elements (matrices) for
the derivation of these LSTs; the first three matrices are associated with to flow F ,
while the next three matrices are associated to the rate-reverse flow F r by
interchanging the indices 1 and 2. The LST matrices and their sizes are given in
Table 2; all matrices have nice probabilistic interpretations. For more details see
Ramaswami [33], Ahn et al. [34], and Bean et al. [38].

Quantity Matrix size The process

 βð Þ ¼ �1
1 11 � βð Þ þ Ψ βð Þ�1

2 12 n1 � n1 F

 βð Þ ¼ �1
2 22 � βþ21Ψ βð Þð Þ n2 � n2 F

Ξ β, xð Þ ¼ Ψ βð ÞÐ 0,xð Þe
 βð Þy �1

2 21
� �

e βð Þydy n1 � n1 F

r βð Þ ¼ �1
2 22 þ Ψr βð Þ�1

1 12 n2 � n2 F r

r βð Þ ¼ �1
1 11 � βþ12Ψr βð Þð Þ n1 � n1 F r

Ξr β, xð Þ ¼ Ψr βð ÞÐ 0,xð Þe
r βð Þy �1

1 12
� �

e
r βð Þydy n2 � n2 F r

Table 1.
Transform matrices.

119

Fluid Inventory Models under Markovian Environment
DOI: http://dx.doi.org/10.5772/intechopen.104183



2.2 The multi-dimensional martingale

Let X tð Þ, t≥0f g be a right continuous Markov modulated Lévy process with
modulating process J tð Þ, t≥0f g which is a right continuous irreducible finite state
space continuous time Markov chain. Let Y tð Þ, t≥0f g be an adapted continuous
process with a finite expected variation on finite intervals and let Z tð Þ ¼ X tð Þ þ Y tð Þ:
Asmussen and Kella [31] have shown, that for such a process, the matrix with ele-
ments Ei eαX tð Þ;J tð Þ ¼ j

� �
has the form of et αð Þ for some matrix  αð Þ: Theorem 2.1 in

Asmussen and Kella [31] yields that under certain conditions on Z tð Þ, t≥0f g, the
multi-dimensional process

M α, tð Þ ¼
ðt
v¼0

eαZ vð Þ1J vð Þdv αð Þ þ eαZ 0ð Þ1J 0ð Þ � eαZ tð Þ1J tð Þ þ α

ðt
v¼0

eaZ vð Þ1J vð ÞdY vð Þ
(1)

is a (row) vector-valued zero mean martingale. Some of the relevant functionals in
this paper will be obtained by applying the OST (or Doob’s optional sampling theo-
rem, see Doob [39]) to appropriate special cases of For our models, the inventory level
ℐ is a special case of X tð Þ and has piecewise linear sample paths, with slope c j on
intervals where J tð Þ ¼ j:

The outline of the chapter is as follows. We start with the ordering model and
introduce an extension to the EOQ model, a fluid EOQ-type inventory model. Then,
using the fluid EOQ-type model as a key, our study is generalized to include
production facility, the fluid EPQ-type model.

3. A fluid EOQ-type inventory model

The simple Economic Ordering Quantity (EOQ) model assumes an inventory model
of infinite horizon for a single item. The demand occurs at a constant rate and each
time the inventory level hits a level 0, a fixed and immediate order of size Q is places.

LST The LST of the First Passage Time Matrix size

0 f̂ 12 x, 0, βð Þ ¼ Ψ βð Þe βð Þx from x,ℑ1ð Þ to 0,ℑ2ð Þ avoiding 0 in F n1 � n2

0 f̂ 22 x, 0, βð Þ ¼ e βð Þx from x,ℑ2ð Þ to 0,ℑ2ð Þ avoiding 0 in F n2 � n2

0 f̂ 11 0, x, βð Þ ¼ e βð Þx þ Ξ β, xð Þð Þ�1 from 0,ℑ1ð Þ to x,ℑ1ð Þ avoiding 0 in F n1 � n1

xΨr βð Þ ¼ Ψr βð Þ�0 f̂
r
22 0, x, βð ÞΨr βð Þer βð Þx from 0,ℑ2ð Þ to 0,ℑ1ð Þ avoiding x in Fr n2 � n1

0 f̂
r
22 0, x, βð Þ ¼ e

r βð Þx þ Ξr β, xð Þð Þ�1 from 0,ℑ2ð Þ to x,ℑ2ð Þ avoiding 0 in Fr n2 � n2

f̂ 11 0, x, βð Þ ¼ � xΨ βð Þ β�22ð Þ�121

h i�1

�0 f̂ 11 0, x, βð Þ

from 0,ℑ1ð Þ to x,ℑ1ð Þ in F n1 � n1

f̂ 21 0, x, βð Þ ¼ β�22ð Þ�121 f̂ 11 0, x, βð Þ: from 0,ℑ2ð Þ to x,ℑ1ð Þ in F n2 � n1

Table 2.
LST of first passage times.
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EOQ considers the timing of reordering, the cost incurred to place an order, and the
costs to store merchandise. Here, we generalize the traditional EOQ model and con-
sider demand and return rates that depend on the background environment, and
varying state-dependent holding and ordering costs. We start with the mathematical
description of the model.

Let ℐ ¼ I tð Þ : t≥0f g be the on-hand inventory level at time t. The rate of change
of the level is modulated by a continuous time Markov chain (CTMC) J tð Þ : t≥0f g
on a finite state space ℑ ¼ 1, 2, … , nf g with a generator matrix  ¼ Qij

h i
. As long as

J tð Þ is in state i, there is a demand at rate di and a return at rate ri: The net rate is thus
ci ¼ ri � di: Note that ci may be either negative or positive. Accordingly, we have two
disjoint sets ℑ1,ℑ2ð Þ, ℑ ¼ ℑ1 ∪ℑ2, where ℑ1 is a non-empty set of increasing rates
ℑ1 ¼ i∈ℑ : ci >0f g and ℑ2 is a non-empty set of the decreasing rates ℑ2 ¼
i∈ℑ : ci <0f g: Let ℑ1j j ¼ n1 and ℑ2j j ¼ n2; thus n1 þ n2 ¼ n. Let π ¼ π1, … , πn½ � be the

limiting distribution of the J tð Þ process, i.e. π is the unique solution to

π ¼ 0, πe ¼ 1:

The system is stable if and only if the expected input rate is negative, i.e.,

Xn
i¼1

πici <0:

When I tð Þ down-crosses level 0, an order of size Q >0 from an external supplier is
placed which arrives instantaneously. Thus, immediately after the down-crossing to
emptiness by the inventory level in state i, the process restarts at level Q : It should be
noted, that the EOQ model is a special case of the base–stock polices, in particular, the
s, Sð Þ-type, where the reorder level s ¼ 0, the replenishment up-to-level S ¼ Q and
zero lead time.

Let Tk be the time of the kth jump T0 ¼ 0ð Þ and J k ¼ J Tkð Þ be the environmental
state at Tk (just after the jump). Note that since an order is placed when the inventory
drops to level 0, the state J k has to be a descending one, i.e., J k ∈ℑ2:We assume that
over Tk�1,Tk½ Þ k ¼ 1, 2::, the process J tð Þ, t∈Tk�1,Tkf Þg is an irreducible CTMC
(continuous time Markov chain) on ℑ. We call the points where the process jumps up
(the replenishment times) order points. They form a semi-renewal process where T0

ks
are the semi regenerative points of the process (see Ross [40]). Define the kth cycle as
the time elapsed between Tk�1 and Tk, k ¼ 1, 2, ::. Denote by Ck ¼ Tk � Tk�1, k ¼
1, 2… C0 ¼ 0ð Þ the inter-replenishment times; let C ¼ C1. Figure 1 illustrates a sample
path of the process I tð Þ, t≥0; for simplicity, we assume that I 0ð Þ ¼ Q,J 0ð Þ∈ℑn and
let γ ¼ γ1, γ2, … , γn2

� �
be the initial probability vector of J 0ð Þ.

3.1 The cost structure

Our cost structure composed of two components: (a) an order cost, including a
fixed cost whenever an order is placed and a purchasing cost; (b) a holding cost for the
stock. We further assume that the cost rates are determined by the environment at the
order points; in real-world, order rates usually depend on the state of the economy, the
season, and change accordingly. Specifically, if the state at an order point is J k ¼
i∈ℑ2, the fixed ordering cost is Ki for an order (typically cost of ordering and
shipping and handling), the cost to purchase one item from an external supplier is qi,
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and the cost to hold one item in inventory during a time interval of length dt is hidt
during all the cycle k in which J k ¼ i∈ℑ2 (meaning that the holding cost for one unit
is constant between two consecutive order replacements, i.e. h tð Þ ¼ hi for t∈Tk,Tkþ1Þ
and J k ¼ i∈ℑ2). We next introduce the functionals indicating the expected
discounted costs using a discount factor β>0:

a. Order cost. If J k ¼ i∈ℑ2, an order of size Q is immediately replenished up to
level I Tkð Þ ¼ Q . The order cost is Ki þ qiQ : Let OC βð Þ be the expected
discounted order cost and let Ô βð Þ be an n2 � 1ð Þ vector whose ith component
Ôi βð Þ is given by

Ôi βð Þ ¼ Ei

X∞

k¼0

e�βTk Ki þ qiQ
� �" #

, (2)

i.e., the expected discounted order cost, given J 0ð Þ ¼ i∈ℑ2, I 0ð Þ ¼ Q: Then we
have OC βð Þ ¼ γ � Ô βð Þ: Applying Table 2, let 0 f̂ 22 Q, 0, βð Þ be an n2 � n2ð Þ matrix
whose ijth components is

0 f̂ 22 Q, 0, βð Þ
� �

ij
¼ e βð ÞQ , i∈ℑ2, j∈ℑ2: (3)

The component 0 f̂ 22 Q, 0, βð Þ
� �

ij
represents the LST of the time until the process

hits level 0 in state j∈ℑ2, given J 0ð Þ ¼ i∈ℑ2, I 0ð Þ ¼ Q (for a proof, see Ramaswami
[33], Theorem 5).

Lemma 3.1 The total expected discounted order cost vector Ô βð Þ of order n2 � 1ð Þ
satisfies the following equation:

Ô βð Þ ¼ � 0f̂ 22 Q, 0, βð Þ
� ��1

ΔKþqQ e: (4)

where ΔKþqQ ¼ diag Ki þ qiQ
� �

, i∈ ℑ2 :

Figure 1.
A typical path of the fluid EOQ-type inventory process.
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Proof. It is easy to verify that Ô βð Þ can be written as (recall that C is the time of the
next order):

Ô βð Þ ¼ ΔKþqQ eþ  e�βC� �
Ô βð Þ, (5)

where the n2 � n2ð Þ matrix  e�βC
� �

is the LST of the cycle length; its ijth
component is given by

 e�βC� �
ij ¼ E e�βC1 level 0 hit at time C in phase jf gjJ 0ð Þ ¼ i, I 0ð Þ ¼ Q

� �
: (6)

Applying the fluid model  e�βC
� � ¼ 0 f̂ 22 Q, 0, βð Þ and solving (5) for Ô βð Þ we

obtain (4) ■

a. Holding cost. The expected discounted holding cost can be expressed as

HC βð Þ ¼ E
ð∞

0

h tð Þe�βtI tð Þdt
0
@

1
A: (7)

Let Ĥ βð Þ be an n2 � 1ð Þ vector whose ith component is given by

Ĥi βð Þ ¼ Ei

ð∞

0

h tð Þe�βtI tð Þdt
0
@

1
A (8)

i.e., the expected discounted holding cost, given J 0ð Þ ¼ i∈ℑ2: Thus, we have
HC βð Þ ¼ γ � Ĥ βð Þ:

Lemma 3.2 The vector Ĥ βð Þ of order n2 � 1ð Þ satisfies the following equation:

Ĥ βð Þ ¼ � 0f̂ 22 Q, 0, βð Þ
� ��1

ΔhE
ðC
t¼0

e�βtI tð Þdt
� �

:

Proof. Applying the regenerative theory, and similar to Lemma 3.1, the vector
Ĥ βð Þ can be written as

Ĥ βð Þ ¼ ΔhE
ðC
t¼0

e�βtI tð Þdt
� �

þ  e�βC� �
Ĥ βð Þ

(The first vector E
ÐC
t¼0e

�βtI tð Þdt
� �

is the expected discounted inventory level of the

first cycle). Now, we use the OST to the multi-dimensional martingale to find the

n2 � 1ð Þ vector E ÐC
t¼0e

�βtI tð Þdt
� �

: For J 0ð Þ ¼ i∈ℑ2, I 0ð Þ ¼ Q, consider a Lévy pro-

cess X i tð Þf g as follows:

X i tð Þ ¼ X i 0ð Þ �
ðt

v¼0

cJ vð Þdv 0≤ t<C, X i 0ð Þ ¼ �Q: (9)
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It is not difficult to see that the latter process up to time C, i.e., X i tð Þð Þ0≤ t<C, has
the same distribution as �I tð Þð Þ0≤ t<C: Chapter XI, p. 311 of Asmussen [41] yields that

Ei eαX i tð Þ;J tð Þ ¼ j
h i

¼ et αð Þ
� �

ij

where

 αð Þ ¼ � α: (10)

Let Y tð Þ ¼ � β=αð Þt (for an arbitrary α>0Þ and let Z i tð Þ ¼ X i tð Þ þ Y tð Þ: Since Y tð Þ
is adapted and has paths of a finite expected variation, the process

Mi α, tð Þ ¼
ðt

v¼0

eαZ i vð Þ1J vð Þdv αð Þ þ eαZi 0ð Þ1J 0ð Þ � eαZ i tð Þ1J tð Þ þ α

ðt

v¼0

eαZ i vð Þ1J vð ÞdY vð Þ

¼
ðt

v¼0

eαX i vð Þ�βv1J vð Þdv  αð Þ � βð Þ þ eαX i 0ð Þ1J 0ð Þ � eαX i tð Þ�βt1J tð Þ

(11)

is an n2-dimensional row vector-valued zero mean martingale. The OST yields
EMi α, 0ð Þ ¼ EMi α,Cð Þ ¼ 0, i.e.,

Ei

ðC

t¼0

eαXi tð Þ�βtdt

0
@

1
A ¼ i eαX i Cð Þ�βC1J Cð Þ

� �
� i eαX i 0ð Þ1J 0ð Þ

� �h i
 αð Þ � βð Þ�1e:

(12)

Obviously, we have Ei eαX i 0ð Þ1J 0ð Þ
� � ¼ e�αQ for i∈ℑ2, or in an n2 � nð Þ matrix

form

 eαX 0ð Þ1J 0ð Þ
� �

¼ 0 e�αQ
� �

: (13)

(Here, the n2 � n1ð Þ zero matrix arising due to the fact that J 0ð Þ∈ℑ2). Next, we
have to derive Ei eαXi Cð Þ�βC1J Cð Þ

� �
: Since Xi Cð Þ ¼ 0, the fluid method yields the

n2 � nð Þ matrix form

 e�βC1J Cð Þ
� � ¼ 00 f̂ 22 Q, 0, βð Þ

� �
: (14)

Substituting (13) and (14) in (12) we obtain the n2 � 1ð Þ vector

E
ðC

t¼0

eαX tð Þ�βtdt

0
@

1
A ¼ 00f̂ 22 Q, 0, βð Þ

� �
� 0 e�αQ
� �� �

 αð Þ � βð Þ�1e: (15)

Finally, take the derivative of both sides of (15) with respect to α, let α ¼ 0 and
note that
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E
ðC

t¼0

e�βtX tð Þdt
0
@

1
A ¼ �E

ðC

t¼0

e�βtI tð Þdt
0
@

1
A

leads to

E
ðC

t¼0

e�βtI tð Þdt
0
@

1
A ¼ � d

dα
00 f̂ 22 Q, 0, βð Þ
� �

� 0 e�αQ
� �

 αð Þ � βð Þ�1
h i

e
���
α¼0

: (16)

Accordingly, the expected discounted total cost is

TC βð Þ ¼ OC βð Þ þHC βð Þ: (17)

■
Remark 1 It is easy to extend this model to include an order size determined by the

environment at the order point, i.e., if J Tkð Þ ¼ i∈ℑ2, an order of Qi items is placed (and,
accordingly, I 0ð Þ ¼ Qi with probability γi, i∈ℑ2). For that we define the vector Q ¼
Q1, … ,Qn2

� �
: Now, the entries 0f̂ 22 Q, 0, βð Þ

� �
ij
are obtained by replacing Q with Qi in

(3). The order cost is given by (4) with ΔKþqQ replacing ΔKþqQ , and the holding cost is
given by substituting Δe�αQ instead e�αQ in (13) (here, X i 0ð Þ ¼ �Qi).

Using the approach for the fluid EOQ-type model as a key, we next include a
production facility and introduce the fluid EPQ-type model.

4. A fluid EPQ-type inventory model

Similar as above, let I tð Þ be the inventory level at a time t: The process I tð Þ can be
partitioned into two parts, Iþ tð Þ and I� tð Þ: The first part of the cycle, Iþ tð Þ, is the
ON period and this period ends whenever Iþ tð Þ reaches a predetermined level Q .
The second part of the cycle, I� tð Þ, is the OFF period and this is the time until I� tð Þ
drops to level 0. The ON period is characterized by stochastic inputs, production
and returns, and outputs, demand. However, no production occurs during the OFF
period, and thus, the OFF period is characterized by stochastic returns and
demand. Here, the analysis is more challenging due to the periods ON and OFF.
Denote by p1, … , pn

� �
⊂ 0,∞ð Þ the production rates, by d1, … , dnf g⊂ 0,∞ð Þ the

demand rates, and by r1, … , rnf g⊂ 0,∞ð Þ the returns rates. The rate at which the
inventory is filled at time t is determined by the current environmental state J tð Þ.
During the ON period (OFF period) and as long as J tð Þ ¼ i, the growth rate is the
difference of the production and return rates (only the return rate) and the
demand rate, cþi ¼ ri þ pi � di (c�i ¼ ri � di); similarly as before, ci, i ¼ 1, ::, n may
be either negative or positive. We do not allow backlog; thus when Iþ tð Þ drops to
level 0 (due to high demands), it stays there as long as the environmental growth
rate is negative and until the environmental state changes to some positive growth
rate. Note that the behavior of the process during each period is different. During
the OFF period, we enforce that

Pn
i¼1πic

�
i <0 (a necessary and sufficient condition

for the stability of the OFF process). During the ON period, we assume thatPn
i¼1πic

þ
i >0 (although with the absence of this, Iþ tð Þ is stable due to the
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reflection at level 0, however, it is a realistic assumption in order to avoid high lost
demand).

A typical sample path of the inventory process is given in Figure 2. As we see, the
inventory process is a semi-regenerative process which alternates between ON periods
and OFF periods. We further note that if the ON periods are deleted from the sample
path and the OFF periods are glued together we obtain a fluid EOQ-type model with
refilling every time level 0 is reached. This holds with one exception; while each cycle
under the fluid EOQ-type process starts with a descending state, it’s not necessarily
holds in the fluid EPQ-type model (a detailed explanation is given below).

Define the following stopping times:

T0 ¼ 0

Tk ¼ inf t>Lk : I tð Þ ¼ 0f g k ¼ 1, 2…

Lk ¼ inf t≥Tk�1 : I tð Þ ¼ Qf gk ¼ 1, 2, …

Tk, k ¼ 1, 2, … are the times of switchings from OFF to ON, and Ln, n ¼ 1, 2, … are
the time instants of switchings from ON to OFF. Thus, I tð Þ is a semi-regenerative
process with T0

ns are semi-regenerative points. Define the kth cycle as the time elapsed
between Tk�1 and Tk, k ¼ 1, 2, :: and let Ck ¼ Tk � Tk�1, k ¼ 1, 2… be the kth cycle
length. We use the generic form L ¼ L1,T ¼ T1,T0 ¼ T � L and C ¼ C1 (so C ¼
Lþ T0). Note that conditioning on the state at time L and the common background
environmental process, the two process Iþ tð Þ0≤ t≤L (the ON period) and I� tð ÞL≤ t≤T
(the OFF period) are independent.

We construct diagonal matrices þ
j ¼ diagf cþi

�� ��, i∈ℑ jg, �
j ¼ diagf c�i

�� ��,
i∈ℑ jg, j ¼ 1, 2 and þ ¼ diag þ

1 ,
þ
2

� �
and � ¼ diag �

1 ,
�
2

� �
from these rates.

Regarding the fluid EPQ-type model, each ON/OFF period has one type of rates þ�
or �Þ; hence, given the state at switching epoch and the common environment, the
ON/OFF periods are independent. Now, we can analyze the inventory level within
each period independently using MMFF process. Specifically, we consider Iþ, þ and
Ψþ βð Þ (I�, �, Ψ� βð Þ) corresponding to the ON (OFF) period. Note that, for this
model, each LST matrix should be derived for ON (marked as +) and OFF (marked as
�) processes. However, we do not insert the marks + or � corresponding to ON/OFF
processes; it should be clear from the context which of the marks applies.

Figure 2.
A typical path of the fluid EPQ-type inventory process.
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4.1 The cost functionals

We consider four costs: (a) the setup cost, (b) the holding cost of the inventory,
(c) the production cost, and (d) the unsatisfied demand cost. For the derivation of the
costs, we first need to derive the expected discounted cycle length n� nð Þ matrix
 e�βC
� �

.

4.2 The matrix  e�βC
� �

Given the state J Lð Þ, the ON period and the OFF period are independent. Clearly,
the ON period ends at state in ℑ1 (at time L). However, at that point of time, the
production stops, and thus, the state at which the OFF period starts can be either in ℑ1

or in ℑ2: Similarly, the OFF period ends at state in ℑ2 (at time T). However, since the
production starts at that point, the ON period can start either in state in ℑ1 or in ℑ2.
This needs to be considered, particularly at switching times. Hence, at these switching
times, the phases are labeled by arranging the entries according to the new states. Given
the state J Lð Þ, and due to that independency, the matrix  e�βC

� �
is given by

 e�βC� � ¼  e�βL� �
 e�βT0� �

: (18)

We first introduce two similar LST matrices which differ only with their initial

environment: (i) an n1 � n1ð Þmatrix f̂ 11 0,Q, βð Þwhose ijth component f̂ 11 0,Q, βð Þ
� �

ij

represents the LST of the time until hitting Q in state j∈ℑ1, given I 0ð Þ ¼ 0,J 0ð Þ ¼
i∈ℑ1 and (ii) an n2 � n1ð Þ matrix f̂ 21 0,Q, βð Þ whose ijth component f̂ 21 0,Q, βð Þ

� �
ij

represents the LST of the time until hitting Q in state j∈ℑ1, given I 0ð Þ ¼ 0,J 0ð Þ ¼
i∈ℑ2. Now, define the n� n1ð Þ matrix:

f̂ �1 0,Q, βð Þ ¼ f̂ 11 0,Q, βð Þ
f̂ 21 0,Q, βð Þ

 !
:

Since the ON period ends with environment in ℑ1 (at time L), the n� nð Þ matrix
 e�βL
� �

has the form:

 e�βL� � ¼ f̂ �1 0,Q, βð Þ 0
� �

: (19)

Similarly, define the n� n2ð Þ matrix:

0 f̂ �2 Q, 0, βð Þ ¼ 0 f̂ 12 Q, 0, βð Þ
0 f̂ 22 Q, 0, βð Þ

 !
:

(See also (3)). The OFF period ends with environment in ℑ2 (at time T), and thus,
the n� nð Þ matrix  e�βT0� �

has the form of

 e�βT0� �
¼ 00 f̂ �2 Q, 0, βð Þ
� �

: (20)
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(Recall that all matrices are given in Table 1). Next, we derive the expected
discounted costs.

a. Set up cost. Let K1 be the setup cost to switch from OFF to ON (at time T) and
K2 be the setup cost to switch from ON to OFF (at time L). Let SC βð Þ be the
expected discounted set up cost and let Ŝ βð Þ be an n� 1ð Þ vector whose ith
component is the expected discounted set up cost given J 0ð Þ ¼ i∈ℑ, I 0ð Þ ¼ 0,

Ŝ βð Þ ¼ Ei

X∞
n¼1

K2 exp �βLnð Þ þ K1 exp �βTnð Þð Þ: (21)

Similar technique as before arrives at

SC βð Þ ¼ γŜ βð Þ
Ŝ βð Þ ¼ �  e�βC� �� ��1

K1 e�βC� �þ K2 e�βL� �� �
e:

(22)

Substituting (18) and (19) finalizes the derivation.

b. Holding cost. The total expected discounted holding costHC βð Þ ¼ γĤ βð Þ, where
the vector Ĥ βð Þ is of order n� 1ð Þ; its ith components is the discounted expected
holding cost given J 0ð Þ ¼ i∈ℑ, I 0ð Þ ¼ 0: Revoking the ergodic theorem for
regenerative process, we can write Ĥ βð Þ in terms of the first cycle and have

Ĥ βð Þ ¼ �  e�βC� �� ��1Δh E
ðL

0

e�βtIþ tð Þdt
0
@

1
Aþ  e�βL� �

E
ðT0

0

e�βtI� tþ Lð Þdt
0
@

1
A

2
4

3
5:

(23)

The basic tool we use to derive E
ÐL
0
e�βtIþ tð Þdt

� �
and E

ÐT0

0
e�βtI� tþ Lð Þdt

 !
is OST

to the Asmussen–Kella multi-dimensional martingale, as introduced in Lemma 3.2.
Here, we consider the process

X tð Þ ¼
ðt
v¼0

cJ vð Þdv 0≤ t≤L,X 0ð Þ ¼ 0: (24)

Chapter XI, p. 311 of Asmussen [41] yields that Ei eαX tð Þ;J tð Þ ¼ j
� � ¼ et αð Þ� �

ij

where  αð Þ ¼ þ α (specifically, þ αð Þ ¼ þ αþ). let L tð Þ ¼ �min 0≤ v≤ tX vð Þ:
The process L tð Þ, known as the local time, is a non-decreasing process that increases
only whenever Iþ tð Þ ¼ 0 (for more details on local time and its properties, we refer the
interested reader to [41]). Next, we let Z tð Þ ¼ X tð Þ þ L tð Þ: It is not difficult to see that
the latter process up to time L, i.e., Z tð Þð Þ0≤ t<L, has the same distribution as
I tð Þð Þ0≤ t<L: Finally, define Y tð Þ ¼ L tð Þ � β=αð Þt, for arbitrary β≥0 and α<0, and
W tð Þ ¼ X tð Þ þ Y tð Þ ¼ Z tð Þ � β=αð Þt: Since Y is adapted and has paths of finite
expected total variation on bounded intervals, Theorem 2.1 of Asmussen and Kella
[31] leads to the next claim.
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Claim 4.1 The n� 1ð Þ vector E ÐL
0
e�βtIþ tð Þdt

� �
is given by:

E
ðL

0

e�βtIþ tð Þdt
0
@

1
A ¼ d

dα
E
ðL

0

eαZ tð Þ�βt1J tð Þdt

0
@

1
A
������
α¼0

, (25)

where

E
ðL

0

eαZ tð Þ�βt1J tð Þdt

0
@

1
A ¼ eαQ e�βL� �� � α 0, L̂ βð Þ� �� �

 αð Þ � βð Þ�1e: (26)

Proof. The proof and the derivation of L̂ βð Þ are given in Appendix A. ■
In order to finish the holding cost we have to find the n� 1ð Þ vector

E
ÐT0

0
e�βtI� tð Þdt

 !
: Recall that since we are now dealing with theOFF period, for all the

matrices inTable 1, we have to add the index (�). TheOFF period stars at time L.We
shift the time origin to L so that the OFF period starts at time 0. Consider ~X tð Þ similar
to (9) but with� and ~X 0ð Þ ¼ Q,J 0ð Þ∈ℑ: Clearly, the latter process up to timeT0,
i.e., ~X tð Þ� �

0≤ t<T0 , has the same distribution as I tð Þð Þ0≤ t<T0 : Similar arguments to (15)
leads to:

E
ðT0

0

e�βtI tð Þdt
0
@

1
A ¼ d

dα
E

ðT0

0

eα~X tð Þ�βtdt

0
@

1
A
������
α¼0

, (27)

where

E
ðT0

0

eα~X tð Þ�βtdt

0
@

1
A ¼  eα~X T0ð Þ�βT0

1J T0ð Þ
� �

�  eα~X 0ð Þ1J 0ð Þ
� �h i

 αð Þ � βð Þ�1e

¼  e�βT0� �
� e�αQ

� �
 αð Þ � βð Þ�1e:

(28)

c. Production cost. Let qi be the production cost for one unit. We have:

PC βð Þ ¼ γP̂ βð Þ,

P̂ βð Þ ¼ �  e�βC� �� ��1ΔqE
ðL

0

pJ tð Þe
�βtdt

0
@

1
A:

(29)

Note that the OFF period is characterized by no production. For the derivation of

E
ÐL
0
pJ tð Þe

�βtdt
� �

(ON period), let þ
j ¼ diag pi, i∈ℑ j

� �
, j ¼ 1, 2 and þ ¼

diag þ
1 ,

þ
2

� �
: Thus,
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E
ðL

0

pJ tð Þe
�βtdt

0
@

1
A ¼ 

ðL
0
e�βt1J tð Þdt

� �
þe: (30)

Applying (26) with α ¼ 0 yields


ðL
0
e�βt1J tð Þdt

� �
¼  e�βL� �� 
� �

 0ð Þ � βð Þ�1, (31)

which completes the derivation of the production cost.

d. Lost demand cost. In our model, backlog is not allowed; any demand which
cannot be satisfied immediately is lost. Clearly, there is no unsatisfied demand
during the OFF period. During ON period, once level 0 is reached the process
stays there until the environment changes to state with a positive growth rate.
Assume the process hits 0 at state i (for some cþi <0Þ, the demand is lost with
rate �cþi

� �
until the environmental state changes. Let wdt be the cost for a lost

unit during a time interval of length dt (w>0). As a measure for the expected
discounted lost demand cost one can use the functional

UC βð Þ ¼ γÛ βð Þ

Û βð Þ ¼ �wγ �  e�βC� �� ��1
E
ðL

0

e�βtcþJ tð Þ1 Iþ tð Þ¼0f gdt

0
@

1
A (32)

The right term is the expected discounted production loss during the first cycle; it
can be written in terms of the local time process.

Corollary 4.1 It is easy to verify that

E
ðL

0

e�βtcþJ tð Þ1 Iþ tð Þ¼0f gdt

0
@

1
A ¼ E

ðL

0

e�βtdL tð Þ
0
@

1
A ¼ L̂ βð Þe, (33)

where L̂ βð Þ is given in (40).
A simple cost function for the entire system would be the sum, TC βð Þ, of these four

expected discounted costs:

TC βð Þ ¼ SC βð Þ þ PC βð Þ þHC βð Þ þUC βð Þ: (34)

5. Summary

During the past few decades, the problem of control of inventory systems has been
widely investigated. Many stochastic factors inherent in inventory systems can make it
more difficult for managers to plan and control the inventory. Dealing with the ran-
domness of demand, production, and returns, this study considers a continuous-review
inventory system where the inventory level is characterized as a fluid process modelled
by Markovian environment. The cost structure includes an order cost, a purchase cost, a
set up cost, a production cost, an inventory cost, and a lost cost due to unsatisfied
demands. By taking a simple probability approach and by applying stopping time
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theory to fluid processes and martingales, the explicit components of the resulting costs
are derived. These cost components can be used for optimization purposes. Moreover,
the closed-form expression of the components allows us to obtain efficiently and
numerically the optimal parameters and enables us to investigate the behavior of the
system and to study its properties. From a managerial perspective, our framework can
be applied to many industries, in situations where the system is subject to uncertain
environment. Our approach appears to be a powerful way to address related inventory
problems. The models considered here assume only discrete demand and return sizes.
For instance, it seems to be possible to adapt a similar approach in the case of continu-
ous demand size distributions, such as exponential, uniform, or gamma. Another ave-
nue of research would be to extend this framework to include random lead times; in
that case, two policies can be applied while shortage, backordering or lost sales. All of
these nontrivial extensions are tractable and worthy of study.

Appendix A.

Proof of claim 4.1. Theorem 2.1 of Asmussen and Kella [31] yields that the process

M α, tð Þ ¼
ðt

v¼0

eαW vð Þ1J vð Þdv αð Þ þ eαW 0ð Þ1J 0ð Þ � eαW tð Þ1J tð Þ þ α

ðt

v¼0

eαW vð Þ1J vð ÞdY vð Þ
0
@

1
A

¼
ðt

v¼0

eαZ vð Þ�βv1J vð Þdv  αð Þ � βð Þ þ eαZ 0ð Þ1J 0ð Þ � eαZ tð Þ�βt1J tð Þ

þ α

ðt

v¼0

e�βv1J vð ÞdL vð Þ
0
@

1
A

(35)

is an n-row vector-valued zero mean martingale. The OST yields  M α,Lð Þð Þ ¼
 M α, 0ð Þð Þ ¼ 0,


ðL

0

eαZ tð Þ�βt1J tð Þdt

0
@

1
A ¼

"
 eαZ Lð Þ�βL1J Lð Þ
� �

�  eαZ 0ð Þ1J 0ð Þ
� �

� α
ðL

0

e�βt1J tð ÞdL tð Þ
0
@

1
A
#
 αð Þ � βð Þ�1:

Since Z 0ð Þ ¼ 0 and J 0ð Þ∈ℑ, we obtain the n� nð Þ matrix  eαZ 0ð Þ1J 0ð Þ
� � ¼ .

Applying Z Lð Þ ¼ Q leads to

 eαZ Lð Þ�βL1J Lð Þ
� �

¼ eαQ e�βL� �
: (36)

To finish, we have to derive the n� nð Þ matrix 
ÐL
0
e�βt1J tð ÞdL tð Þ

� �
, which is the

expected discounted lost demand until time L. Notice that a loss occurs only during
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states in ℑ2: For that, we introduce the n2 � n2ð Þ matrix ϒ βð Þ whose ijth component,
ϒij βð Þ, is the expected discounted loss in state j∈ℑ2 until exiting level 0, given that
the process starts at level 0 with state i∈ℑ2:

Lemma A.1 ϒij βð Þ satisfies the following system of linear equations:

ϒii βð Þ ¼ �ci
β

1þ 22 i, ið Þ
β �22 i, ið Þ

� �
þ
X
j6¼i

22 i, jð Þ
β �22 i, ið Þϒji βð Þ,

ϒij βð Þ ¼
X
k 6¼i

22 i, kð Þ
β �22 i, ið Þϒkj βð Þ:

(37)

Proof. Once the inventory process hits 0 in state i∈ℑ2, it stays there for an
exponential random time ξi with parameter �22 i, ið Þ: With probability 22 i, jð Þ

�22 i, ið Þ the
state changes to j∈ℑ, and the expected discounted loss from state j is ϒ j ið Þ: By
conditioning on the first state visited after i, we readily obtain that

ϒii βð Þ ¼ �E
ðξi

t¼0

cie�βtdt

0
@

1
Aþ Ei e�βξi

� � X

i 6¼j

j∈ℑ2

22 i, jð Þ
�22 i, ið Þϒji βð Þ,

ϒij βð Þ ¼ Ei e�βξi
� � X

k 6¼i

k∈ℑ2

22 i, kð Þ
�22 i, ið Þϒkj βð Þ:

(38)

Solving (38) with respect to ϒii βð Þ and ϒij βð Þ returns (37) (note that

E
Ðξi

t¼0
cie�βtdt

 !
¼ ci

β 1þ 22 i, ið Þ
β�22 i, ið Þ

� �
and Ei e�βξi

� � ¼ �22 i, ið Þ
β�22 i, ið ÞÞ). ■.

Now, we apply ϒ βð Þ to the derivation of the loss until time L: Since the lost

demand occurs only for states in ℑ2, the matrix 
ÐL

v¼0
e�βv1J vð ÞdL vð Þ

� �
has the form


ðL

0

e�βt1J tð ÞdL tð Þ
0
@

1
A ¼ 0, L̂ βð Þ� �

(39)

where L̂ βð Þ is an n� n2ð Þ matrix whose ijth component is the expected discounted
loss in state j∈ℑ2 until L, given J 0ð Þ ¼ i∈ℑ. Let L̂i βð Þ, i ¼ 1, 2 be an ni � n2ð Þ sub-
matrix of L̂ βð Þ includes all rows corresponding to states in ℑi, i ¼ 1, 2, such that

L̂ βð Þ ¼ L̂1 βð Þ
L̂2 βð Þ

 !
: (40)

It is easy to verify that

L̂1 βð Þ¼QΨ βð Þ ϒ βð Þ þ β�22ð Þ�121L̂1 βð Þ
� �

,

L̂2 βð Þ ¼ ϒ βð Þ þ β�22ð Þ�121 L̂1 βð Þ:
(41)
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Lost demand occurs when the process drops to level 0 avoiding Q, with LST
QΨ βð Þ: From that point, ϒ βð Þ is the discounted lost demand. The term β�22ð Þ�121
is the discounted time until exiting level 0 with environmental state in ℑ1 and starting
again with LST L̂1 βð Þ: The matrix L̂2 βð Þ is derived similarly.
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