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Preface

This book offers a selection of chapters on supply chain solutions, promoting new 
research results in the field. Authors from the Netherlands, Germany, Sweden, Mexico, 
United Arab Emirates, Portugal, the United Kingdom, Belgium, Estonia, Slovenia, 
Norway, and France have contributed work examples and case studies from their 
research in supply chain management.

The book covers six topics, determined by the theoretical and practical aspects of 
supply chain solutions.

Chapter 1, “Supply Chain Finance Perspectives”, shows potential perspectives on 
supply chain finance The author discusses the basic model of supply chain finance, 
from supply chain management, logistics management, finance and control, enter-
prise resource planning (ERP) and information technology (IT) platforms, and 
supply chain finance instruments points of view. The author also proposes a novel 
conceptual model of supply chain finance.

Chapter 2, “Supply Chains for Hydrogen and Carbon Dioxide for Sustainable 
Production of Base Chemicals”, extensively discusses the supply chain solutions for 
hydrogen and carbon dioxide. It describes various hydrogen production methods, 
including hydrogen production by steam methane reforming, partial oxidation, 
autothermal reforming, methane pyrolysis, water electrolysis, and more. The  
chapter also discusses a sustainable supply chain for carbon dioxide.

Chapter 3, “Improvement of Validated Manufacturing Processes with Fuzzy Logic”, 
addresses an important and, by now, much-needed step in improving the efficiency 
of manufacturing processes focusing on the modeling of uncertainties in production 
and related logistics operations. The chapter proposes a novel fuzzy approach to 
improve the efficiency of manufacturing processes.

Chapter 4, “Europe’s Raw Materials Supply Chain: Front-End Considerations”, focuses 
on the raw materials supply chain front-end approach, including the political dimen-
sion of exploration and mining data in the raw material supply chain and the elements 
of a strong raw materials supply chain. The chapter delves into how exploration and 
extraction fit into the supply chain. The chapter also describes Europe’s geological 
potential.

Chapter 5, “Road Haulier Competition: Implications for Supply Chain Integration”, 
highlights how road hauliers are part of logistics service chains as well as the indus-
trial supply chain and how the many links and relationships increase the magnitude 
and implications of hauliers’ performances. The chapter also presents potential 
strategic moves for hauliers.
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IV

Chapter 6, “Resilient Supply Chain in United Arab Emirates”, proposes a novel 
approach to the multi-level integrated process theory for the conceptual model. It 
focuses on the resilience of supply chains, providing valuable insights into strategies, 
practices, and factors that enhance resilience.

This book aims to help students as well as managers and researchers to understand 
and appreciate the concept, design, and implementation of different supply chain 
solutions and the different aspects of the design and operation of a supply chain.

The editors thank the chapter authors for their scientific contributions. The chapters 
were edited and published following a rigorous selection process. I also wish to thank 
and acknowledge the many individuals who helped us throughout the editorial 
process that made this book possible.

Ágota Bányai
University of Miskolc,
Institute of Logistics,

Miskolc, Hungary

Chapter 1

Supply Chain Finance Perspectives
Jan Jansen

Abstract

This chapter briefly introduces supply chain finance (SCF) and its four building
blocks: supply chain management, finance, IT & ERP, and SCF instruments. After
introducing the four building blocks, each block will be discussed in detail. Finally,
state-of-the-art issues in supply chain management and finance will be discussed to
bridge the gap to the real (international) business world of volatility, uncertainty,
complexity, and ambiguity. To provide an answer to issues such as liquidity in the
supply chain (deep tier financing), dealing with all sorts of risks in the supply chain
(resilient supply chains), and being sustainable/circular in the supply chain and its
finance.

Keywords: supply chain finance, finance, working capital, supply chain management,
ERP, IT platform, sustainability, circularity, FinTech

1. Introduction

Supply chain finance (SCF) is a relatively new development in supply chain man-
agement [1], where the (financial) value flow of working capital (and related issues)
in the supply chain is the main topic of study (see Figure 1).

Steeman [2] outlines SCF from a more general point of view with no links to such
SCF instruments like reverse factoring and dynamic discounting as defined by the
European Banking Association [3]:

Supply chain finance is defined as the use of financing and risk mitigation practices and techniques to optimize
the management of the working capital and liquidity invested in supply chain processes and transactions. SCF is
typically applied to open account trade and is triggered by supply chain events. Visibility of underlying trade flows by
the finance provider(s) is a necessary component of such financing arrangements which can be enabled by a technology
platform.

So, the physical flow of goods and services is the supply chain finance event of the
EBA definition, and the information flow is often managed in the supply chain by
using an IT platform.

In this chapter, we will develop an overview of supply chain finance perspectives
from the building blocks of supply chain finance such as were presented by Templar
et al. [4] and Tate et al. [5]: supply chain management, corporate finance, business
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processes (including Enterprise Resource Planning (ERP), and information technol-
ogy (IT) platforms), and SCF instruments (including the role of banks).

Finally, the chapter ends with state-of-the-art developments in international busi-
ness concerning supply chain finance such as volatility, uncertainty, complexity, and
ambiguity (VUCA), sustainability, and FinTech.

2. Basics of supply chain finance

The essence of supply chain finance can be found in Figure 1, of course, is the
plotted supply chain simple with only a tier 1 supplier and tier 1 client. Real-life supply
chains are far more complex, and in some SCF research, we observe so-called deep-
tier supply chain finance [6].

For reasons of convenience, we will stick to the supply chain in Figure 1. If we
observe the focal company (as a dominant firm in the supply chain network [7]),
there are three main activities:

I.Buying raw materials and/or components from tier 1 suppliers (including
transport).

II.Processing raw materials and components into final products.

III.Selling final products to tier 1 clients (including transport).

The impact on the ledgers (income statement and/or balance sheet, see Table 1) of
the three activities of the focal company are:

Ad I Buying raw materials & components will increase the inventories of raw
materials and components (RM & C) (+) and increase the creditors or accounts pay-
ables (+), both on the balance sheet of the focal company.

Figure 1.
Supply chain of the focal company (developed by the author).
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Ad II Producing final products (or transforming raw materials and components)
will decrease the inventories RM & C (�) and increase the inventories of final
products (FP) (+), both on the balance sheet of the focal company.

Ad III Selling final products will result in two sub-transactions for the ledgers:

• Sending the final goods to the customers will decrease inventories FP (�) on the
balance sheet and increase costs of goods sold or COGS (+) on the income
statement.

• Sending the invoice to the customers will increase debtors or accounts receivables
(+) on the balance sheet and increase revenues or sales (+) on the income
statement.

The ledgers inventories (raw materials & components, work in progress (WIP),
and final products), debtors, and creditors are part of the concept of net operating
working capital (NOWC), the following formula [8, 9] is used:

NOWC ¼ InventoriesþDebtors� Creditors (1)

In some financial literature, the word induced is used instead of operational
Dorsman [10, 11] and Gieskens [12].

From this accounting analysis, we can deduce two important topics for the supply
chain finance metrics of the net operating working capital (NOWC): Static value
analysis of NOWC and dynamic analysis of NOWC.

In the static analysis of NOWC, we often use ratios (or relative numbers) to
characterize a company for its static working capital position, the following formulas
[8, 13] often used:

Inventory turnover ¼ Cost of goods sold
Inventories

(2)

Receiveables turnover ¼ Sales or Revenues
Debtors or Accounts receiveable

(3)

Payables turnover ¼ Cost of goods sold
Creditors or Accounts payable

(4)

NOWC turnover ¼ Sales or Revenues
NOWC

(5)

Current Ratio CRð Þ ¼ Current Assets
Current Liabilities

(6)

# Activity Ledgers Ledgers

I Buying Inventories RM & C+ Creditors +

II Transformation Inventories RM & C – Inventories FP+

III Selling Inventories FP–COGS + Debtors + Revenues +

Table 1.
Impact of business activities on ledgers (developed by the author).
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Quick Ratio QRð Þ ¼ Current Assets� Inventories
Current Liabilities

(7)

The NWOC turnover formula was developed in the analogy of Preve & Sarria-
Allende [14] by the author. The inverse value of the NWOC turnover is the average
number of days of net operating working capital in sales.

In the dynamic analysis of NOWC, we use the following ratios (or relative num-
bers) to characterize a company for its dynamic working capital position [8, 13] the
following formulas are often used:

Days in Inventories DIOð Þ ¼ Inventories
Cost of goods sold

∗ 365 days (8)

Days of Sales Outstanding DSOð Þ ¼ Debtors or Accounts receiveable
Sales or Revenues

∗ 365 days (9)

Days of Purchases Outstanding DPOð Þ ¼ Creditors or Accounts payable
Cost of goods sold

∗ 365 days

(10)

Cash to Cash Cycle C2Cð Þor Cash Conversion Cycle CCCð Þ ¼ DIOþDSO�DPO
(11)

To provide you with some data from the following five companies (based on their
annual reports): Unilever (fast-moving consumer goods) Heineken (beverages and
beer), Philips (electronics), Volkswagen (automotive), and Ahold-Delhaize (super-
market chain).

We observe in Table 2 that for some companies (Unilever, Heineken, and Ahold-
Delhaize) the cash-to-cash cycle is negative and for some positive (Philips, and
Volkswagen). The explanation is that for companies with a negative CCC; the DPO is
higher than the sum of DIO + DSO. This implies that those companies pay their
supplier quite late in 2021. The suppliers of Unilever had to 124 days on average for
payment and Heineken the suppliers had to wait for 149 days to receive payment.

In the case of Philips, we observe a very high DIO (126 days in 2022), which might
be due to some issues with storing special raw materials, and/or some issues in the
market for electronic hospital equipment.

From Table 2, we can also conclude that we can observe differences in sectors of
industries, as well as in the market power between suppliers (of tier 1, tier 2, tier 3,
etc.) and focal companies. The distribution advantages of early payment of creditors/
suppliers using supply chain finance programs (such as reverse factoring and dynamic
discounting) are not always very clear. From a theoretical point of view, this so-called
split-up issue is not solved [15]. Depending on the purchase market situation of the
focal company, rules of thumb are used in negotiations of the financial and
nonfinancial advantages [16].

The following example (see Table 3) might illustrate this split-up issue of advan-
tages of a supply chain finance program issued by the focal company for tier 1 and tier
s suppliers.

Assume we have a net operating working capital position for each company in US
Dollars ($), each company has a different credit rating (that is why domestic interest
rates differ), and each company has a different number of days invested in net
operating working capital.

4
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The interest costs are calculated using the formula:

Interest costs NOWC ¼ NOWC ∗ Interest rate ∗
Number of days

365
(12)

So, we observe the costs of domestic interest expenses for supplier tier 1 ($
4.734,25), supplier tier 2 ($ 118.356,16), and focal company (73.972,60). So, in total $
197.063,01.

Company SCF metric 2018 2019 2020 2021 Average

Unilever DIO 40,9 35,1 38,4 39,1 38,4

DSO 46,4 47,0 35,5 37,7 41,7

DPO 137,6 124,6 121,6 124,0 126,9

CCC �50,3 �42,4 �47,7 �47,2 �46,9

Company SCF metric 2018 2019 2020 2021

Heineken DIO 36,1 39,5 37,6 46,9 40,0

DSO 50,9 52,8 43,1 50,3 49,3

DPO 129,6 134,3 117,4 149,0 132,6

CCC �42,6 �42,0 �36,6 �51,9 �43,3

Company SCF metric 2018 2019 2020 2021

Philips DIO 105,8 92,0 115,1 126,1 109,7

DSO 81,3 85,3 87,6 80,6 83,7

DPO 87,9 71,9 81,5 68,4 77,4

CCC 99,2 105,5 121,2 138,2 116,0

Company SCF metric 2018 2019 2020 2021

Volkswagen DIO 88,1 83,8 87,0 78,6 84,4

DSO 27,7 25,9 26,6 22,6 25,7

DPO 45,5 40,8 45,0 42,5 43,4

CCC 70,3 69,0 68,6 58,8 66,7

Company SCF metric 2018 2019 2020 2021

AholdDelhaize DIO 25,4 25,3 21,9 24,8 24,4

DSO 10,2 10,5 9,6 9,9 10,1

DPO 46,3 47,8 45,8 50,3 47,5

CCC �10,7 �12,0 �14,3 �15,6 �13,1

Company SCF metric 2018 2019 2020 2021

Average DIO 59,3 55,2 60,0 63,1 59,4

DSO 43,3 44,3 40,5 40,2 42,1

DPO 89,4 83,9 82,2 86,8 85,6

CCC 13,2 15,6 18,2 16,5 15,9

Table 2.
Supply chain finance metrics of some international companies (retrieved by the author).
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When the focal company introduces a supply chain finance program, the focal
company will get a good interest rate (slightly above its domestic interest rate). Let us
assume this interest rate will be 3,0%. So, now all three companies can borrow against
this interest rate (via the focal company!).

This results in the following interest costs for the net operating working
capital: Supplier tier 1 ($ 1.183,56), supplier tier 2 ($ 39.452,05), and focal company
($ 73.972,60). So, in total $ 114.608,22, an advantage of $ 82.454,79 (lower costs for
the supplier tier 1 and supplier tier 2). The question that now arises is how to distrib-
ute this advantage in the supply chain. In Table 4 some scenarios are provided,
although it is from a theoretical point of view not backed up, just a rule of thumb
(often passed on the power position in the supply chain).

Managing net operating working capital in the supply chain is one of the so-called
“real” aspects of supply chain finance, in the following section of this chapter, we will
add the role of IT and the role of financial institutions.

In the supply chain finance cube model [1] the capital costs of the volume
(=amount) of net (operating) working capital are calculated like:

Capital costs ¼ Volume amountð Þ ∗Duration ¼ timeð Þ ∗Capital cost rate e:g:WACCð Þ
(13)

The interest costs of net (Operating) working capital are one of the basic supply
chain finance metrics because trade-offs can be made in the working capital policy in
the supply chain of the focal company.

An example of how supply chain finance works in Asia can be found in the Trade
and Supply Chain Finance Program of the Asian Development Bank [17].

3. Supply chain management

As was mentioned in the first section, the definition of supply chain finance is
highly event-driven, so it is now time to understand the concept of supply chain
management (Figure 1). Although supply chain finance has not only an operational

Tier 2 supplier Tier 1 supplier Focal company Total

Credit rating C B A

NOWC position $ 80.000,00 $ 4.000.000,00 $ 10.000.000,00

Domestic interest rate 12% 9% 3%

Number of days 180 120 90

Days in a year 365 365 365

Domestic interest expenses $ 4.734,25 $ 118.356,16 $ 73.972,60 $ 197.063,01

SCF interest rate 3,00% 3,00% 3,00%

Interest costs SCF program $ 1.183,56 $ 39.452,05 $ 73.972,60 $ 114.608,22

Difference $ 3.550,68 $ 78.904,11 $ - $ 82.454,79

Table 3.
Costs of net operating working capital in the supply chain.
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level but also tactical and strategic levels [18]. Logistics and supply chain management
(SCM) are sometimes seen as different entities, but sometimes also seen as something
similar. For this chapter, we follow two basic opinions about supply chain manage-
ment, based on Stock and Lambert [19]:

The integration of key business processes from end user through original suppliers that provides products, services,
and information that add value for customers and other stakeholders.

and Harrison and Van Hoek [7]:

SCM encompasses the planning and controlling of all processes involved in procurement, conversion,
transportation, and distribution across the supply chain. SCM includes coordination and collaboration between
partners, which can be suppliers, intermediaries, third-party service providers, and customers. In essence, SCM
integrates supply and demand management within and between companies in order to serve the needs of the end
customer.

Based on both definitions we have now some idea about supply chain management
and logistics, the Association of Supply Chain Management [20, 21], confirms this
academic concept from a professional point of view. Leeman [22] developed an
overview of supply chain management following supply chain management as an
academic topic:

Especially for supply chain finance the role of sourcing/procurement/purchasing is
an important one from the perspective of the focal company and the (tier 1) supplier.
Supply chain finance programs are discussed between the focal company and its
suppliers in terms of payment terms (including early payments), the discussion is of
course based on the market power between the focal company and its suppliers, as
well as the position in the Kraljic’s matrix of the purchase portfolio [23]. In Kraljic’s
matrix, we have four positions to characterize their procurement portfolio: leverage
products, strategic or critical products, non-critical or routine products, and Bottle-
neck products. In Kraljic’s matrix, the impact on the financial results (e.g., profit) is
compared with the supplier risk. Depending on the position in the portfolio, it is clear

Split-up SCF
advantage

Scenario I Scenario II Scenario III Scenario IV

Focal company $ - 0% $ 27.484,93 33,3% $ 4.122,74 5%

Tier 1 Supplier $ 3.550,68 4% $ 27.484,93 33,3% $ 2.473,64 3%

Tier 2 Supplier $ 78.904,11 96% $ 27.484,93 33,3% $ 75.858,41 92%

Total $ 82.454,79 $ 82.454,79 $ 82.454,79 $ -

Table 4.
Split-up scenarios of the supply chain finance program.
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if the focal company can easily swap suppliers or not (especially in the case of one
supplier), and this also has an impact on the choice of a supply chain finance program.

4. Corporate finance

In corporate finance [8] the Economic Value Added (EVA®) is one of the corner-
stones of the theory to explain the economic performance of a company. Economic
Value Added is defined as:

EVA ¼ NOPAT �WACC ∗Capital Employed (14)

In which NOPAT stands for the net operating profit after taxes, WACC stands for
weighted average costs of capital, and capital employed stands for the total assets
minus the current liabilities (= Fixed Assets + Net Working Capital = Equity + Long
term Debts).

The weighted average cost of capital (WACC) is defined as follows:

WACC ¼ RE ∗ 1� λð Þ þ RD ∗ λ ∗ 1� τð Þ (15)

Lambda or λ stands for the debt to assets ratio, thus (1-λ) stands for the equity to
assets ratio, per definition λ + (1-λ) = 1. The return to equity (RE) is the expected value
for the remuneration of shareholder’s equity. The return on debt (RD) is the remu-
neration for the use of debt by the combination, it is corrected for the tax deduction of
interest cost (tax rate = τ = tau). RRF is the so-called risk-free interest rate on premium
state debt, for instance, the USA, Germany, the Netherlands, etc.

Finally, the capital assets pricing (CAPM) model is used for the determination of
the return on equity (=RE):

RE ¼ RRF þ β ∗ RM � RRFð Þ (16)

On page 417 of the 2022 Annual Report of Volkswagen [24] the value contribution
(EVA) is + € 4.376 (million). In the 2022 annual report of Volkswagen AG, the WACC
is 8.3%, NOPAT is in 2002 € 14.078 million and capital employed € 117.412 million, so
EVA® for Volkswagen in 2022 is:

EVA ¼ 14:078� 0,083 ∗ 117:412 ¼ 14:078� 9:702 ¼ þ€ 4:376 millionð Þ (17)

Economic Value Added or EVA® is a yardstick to measure the financial value of a
company, also ratios such as return on investment (or Assets) or ROI [25] and return
on capital employed or ROCE [26] are commonly used.

ROIorROA ¼ NetProfitAfterTaxes
TotalAssets

∗ 100% (18)

ROCE ¼ OperatingProfit
TotalAssets� CurrentLiabilities

∗ 100% (19)

Schoenmaker and Schramade developed in their books Principles of Sustainable
Finance [27] and Corporate Finance for Long-term Value [28] a model for integrated
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value. Integrated values (IV) consist of financial value (FV), social value (SV), and
environmental value (EV); or in a formula:

IV ¼ FV þ SV þ EV (20)

The three values have the following constraints: Accounting for transitions
(FV), social foundations (SV), and planetary boundaries (EV). The value flows
(VF) consists of a shadow price (SP) multiplied by a quantity (Q), so the value
flow is:

VF ¼ SP ∗Q (21)

The shadow price [29] of a factor (e.g., quantity) expresses the increase in value
(e.g., profit) if an additional unit of a factor is allocated. By using the discounted cash
flow (DCF) model [8] the integrated value (IV) can be calculated as follows [28]:

IV ¼
XN
n¼0

VFn

1þ Rð Þn (22)

The symbol r stands for the cost of integrated capital (including a risk premium)
and is an adjusted version of the WACC or weighted costs of capital [8], the weighted
average of the return of integrated value (R) consists of the returns for financial value
(RFV), social value (RSV), and environmental value (REV). The integrated return (R)
can be approximately 1617% depending on data from case studies.

In corporate finance we can calculate days of sales outstanding with the supply
chain finance metrics formula:

Days of Sales Outstanding DSOð Þ ¼ Debtors or ARs
Sales or Revenues

∗ 365 days (23)

In our example, we assume that sales are $ 45.000.00 and the debtors are $
9.487.000, so the DSO is 77,0 days, using the formula above.

In Table 5 an aging schedule [25] for debtors was downloaded from the company’s
data out of the Enterprise Resource Planning software (ERP). We can observe from
the data in Table 5 which customers (= debtors) are within the time limit of 90 days,
and which are not. Based on the data in Table 5 the average number of days can be
calculated, using this calculation:

Average number of debtor0s days ¼ 0, 31 ∗ 15 ¼ 0, 30 ∗ 45þ 0, 25 ∗ 75þ 0, 14 ∗ 120 ¼ 53, 9 days

(24)

From the aging schedule, we have more insight into the structure of the aging
portfolio of debtors, than using only the supply chain finance metric of days of sales
outstanding (DSO).

Similar approaches to an aging schedule can be provided for creditors and/or
inventories, using ABC or Pareto analysis [22].

One of the topics of corporate finance is working capital management [8, 25], net
working capital (NWC) is often defined like:

NWC ¼ Current Assets� Current Liabilities (25)
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Net working capital management manages the short-time value flows [14] in the
company between the primary activities of buying (purchase), transformation or
production, and sales (distribution), this approach in working capital management is
also known as the net operating working capital (NOWC) [10–12]). The formula of
this working capital variant is plotted here:

Net Operating Working Capital NOWCð Þ ¼ InventoriesþDebtors� CreditorsÞ (26)

Net operating working capital is also known as induced net working capital
because it is linked (or induced) to the three primary activities in business:

• Input (buying of raw materials and components)

• Throughput (production or transformation of input into final products and/or
services)

• Output (sales of finished products and/or services)

For managing net operating working capital, the following supply chain finance
metrics are used:

1–30 days 31–60 days 61–90 days > = 91 days Total

Average 15 45 75 120

Customer

Neptunus NV $ 70.000,00 $ 250.000,00 $ 60.000,00 $ - $ 380.000,00

Poseidon BV $ 400.000,00 $ 50.000,00 $ 150.000,00 $
200.000,00

$ 800.000,00

Zeus AG $ 80.000,00 $ 85.000,00 $ 20.000,00 $ - $ 185.000,00

Apollo GmbH $ 800.000,00 $ 300.000,00 $
400.000,00

$
100.000,00

$ 1.600.000,00

Hades SA $ 250.000,00 $ 140.000,00 $ 80.000,00 $ 12.000,00 $ 482.000,00

Hestia SARL $ 60.000,00 $ 280.000,00 $ 300.000,00 $ - $ 640.000,00

Artemis Ltd $ 500.000,00 $ 700.000,00 $ 300.000,00 $
400.000,00

$ 1.900.000,00

Dionysos INC $ 300.000,00 $ 200.000,00 $ 100.000,00 $ - $ 600.000,00

Hermes LLC $ 400.000,00 $ 800.000,00 $
900.000,00

$
600.000,00

$ 2.700.000,00

Panecea SLNE $ 40.000,00 $
80.000,00

$ 60.000,00 $ 20.000,00 $ 200.000,00

Total $ 2.900.000,00 $ 2.885.000,00 $ 2.370.000,00 $ 1.332.000,00 $ 9.487.000,00

Total in
percentages

31% 30% 25% 14% 100%

Table 5.
Aging schedule debtors (developed by the author).
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• Static supply chain finance metrics

◦ Value of net operating working capital (NOWC)

◦ Current ratio (CR)

◦ Quick ratio (QR)

◦ NOWC turnover ratio

• Dynamic supply chain finance metrics

◦ Days in inventories outstanding (DIO)

◦ Days of sales outstanding (DSO)

◦ Days of purchases outstanding (DPO)

◦ Cash to cash cycle (C2C = DIO + DSO – DPO)

In some supply chain finance programs (such as reverse factoring and
dynamic discounting), we see that there is a discount for early payment of the
focal company to its suppliers. To calculate the effective interest for such a
decision, the flowing example was developed (using simple interest rate calculation
and compound interest rate calculation. Assume there is an invoice of $ 120.000,00
that the focal company has to pay to its suppliers, under the payment condition of
90 days. Early payment is possible within 10 days, the focal company is allowed to
deduct 2% of the amount of the invoice. So, the discount amount is $ 2.400,00 to pay
80 days earlier (80 days = 90 days – 10 days), and the supplier will receive 98% of the
original amount of the invoice.

The effective annual rate (EAR) based on simple interest (SI) is as follows:

EAR SIð Þ ¼ 2% ∗
365
80

¼ 9, 1% (27)

The effective annual rate (EAR) based on compound interest (CI) is as follows:

EAR CIð Þ ¼ 1þ 2
100� 2

� �365
80

( )
� 1

" #
∗ 100% ¼ 9, 7% (28)

This example illustrates the impact of small discounts in a supply chain finance
program on an annual base for financing a company [13].

Suppose the payment term in the example is lowered to 60 days (ceteris
paribus), the outcome of the effective rate will be 14,6% (simple interest) and
15,9% (compound interest). Similar calculations can be made when the
discount rate is increased to 3% in the original example (ceteris paribus), the
outcome of the effective rate will be 13,7% (simple interest), and 14,9% (compound
interest).

11

Supply Chain Finance Perspectives
DOI: http://dx.doi.org/10.5772/intechopen.114030



5. Business process, ERP, and IT platforms

As supply chain finance is event-driven [3], we have to process the three events
(buying, production, and selling) into the business processes of the focal company
[30], as was plotted at the beginning of this chapter in Figure 1.

Input of resources (such as raw materials, components, labor force, and energy)
will lead to transformation by production and finally end to the sales of final products
(and services). This is a nutshell of the basics of operations management [30], in
which topics like just in time (JIT), lean operations, material requirement planning
(MRP), total quality management (TQM), and inventory management are integrated
into one business system: enterprise resource planning (ERP). Enterprise resource
planning (ERP) integrates business functions, such as planning, operations (execu-
tion), and control (including the accounting function) (Figure 2).

Nowadays enterprise resource systems from the different companies in a supply
chain are connected via systems like electronic data interchange (EDI) and IT-cloud
platforms [31]. An IT-cloud platform (Tradecloud [32]) is not only connecting finan-
cial events such as invoicing and payments in the supply chain, but also improving
collaboration in the supply chain (by sharing forecasts by the focal company to tier-1
and tier-2 suppliers) and bringing back process time and processing costs of invoices
in the supply chain of order to cash (O2C) [33] and purchase to pay (P2P).

The integrated overview of all business processes will be presented in Figure 3
(a conceptual model of supply chain finance).

The latest development in this topic [34] is called Sales and Operational Planning
(S&OP), so in this latest approach, there is a focus on coordination (in the ecosys-
tem), planning (an integrated and dynamic structure), technology (as a transforma-
tion enabler), and collaboration (in an engaged planning culture). So, S&OP includes
the focal company, their suppliers, and their customers to a more resilient approach in
their supply chain to deal unstable environment (we will come on that later in the
section about the VUCA world).

Figure 2.
Overview of supply chain management based on Leeman [22].
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6. Supply chain finance instruments and banking

In Table 6 an overview is provided for the most common supply chain finance
instruments. The overview is composed by the author, and based on De Boer et al.
[18], EBA [3], and Hollinger et al. [35].

Figure 3.
Conceptual model of supply chain finance (developed by the author).

Management level Supply chain finance instruments

Strategical • Take ovar
• Merge
• Joint venture
• Minority interest

Tactical • Equipment financing
• Pay on production
• Supply risk sharing
• Currency risk sharing
• ERP
• IT platform

Operational • Working capital management
• Dynamic discounting
• Reverse factoring
• Factoring
• Inventory financing
• Crop financing
• Purchase order financing
• Trade finance instruments
• Letter of Credit (LC)
• Bank guarantee
• Documentary credit
• Bank payment obligation (BPO)

Table 6.
Supply chain finance instruments (developed by the author).
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We will select five supply chain finance instruments:

I.Minority interest

II.Equipment financing

III.Reverse factoring

IV.Dynamic discounting

V.Crop financing

The choice of these five instruments is based on the fact that they are most
commonly used [36], in a more specialized report [3] more detailed information about
most instruments can be retrieved.

Minority interest is used when a company like ASML [37]—that produces equip-
ment for the chip industry—has investors (shareholders) that are important buyers
such as chip producers. The reason that chip producers would like to have a stake in
ASML is based on the fact to be sure of the future supply of equipment and reasons for
co-development and innovation.

Equipment financing is often used in the supply chain, where the focal
company is financing equipment (such as harvesters, tractors, and trucks) to help
(agricultural) suppliers to finance this kind of capital expenditure (often in combina-
tion with a bank loan)). The main reason for a focal = company to use this type of
tactical instrument is to be sure of future services and/or delivery of products from the
suppliers.

Reverse factoring is one of the traditional supply chain finance instruments and is
often combined with a financial institution (e.g., a bank) as an intermediary. The
following five steps (see Figure 4) are normally in a reverse factoring program: The
buyer places the order (step 1), the order is processed by the supplier and delivered to
the buyer/focal company (step 2), the supplier sends the invoice to the buyer (step 3)
with a payment term of 90 days (and with 1% discounts with payment within 5 days),
the supplier receives payment within 5 days from the bank with a discount of 1%,
finally (step 5) the buyer pays the full amount (100%) to the bank within 90 days
(payment term). The effective annual rate (EAR based on compound interest) is 4.8%
in this case.

Dynamic discounting is a method where suppliers receive early payment from the
focal company. The discount rate is based on a schedule provided by the focal com-
pany. The supplier can select a date and corresponding discount rate and receive the
amount of the invoice minus the selected discount rate. Table 7 is an example pro-
vided by a dynamic discounting system; we observe that the discount rate is a func-
tion of time (day paid earlier).

Finally, crop financing is a supply chain finance tool used in (international) agri-
cultural business [35], we observe in practice that besides the producers (often small
farmers) a focal company (often a large multinational) and a financier (e.g., bank),
during the growth season the farmers need liquidity. The liquidity is provided with a
pre-payment via often a bank loan or a promissory note (IOU) issued by the framer,
where the collateral is the future harvest of the crops. The World Bank Group (for
instance IFC, International Finance Corporation) developed a lot of customized solu-
tions for agricultural finance [38].
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7. State-of-the-art discussion: VUCA world, FinTech, and sustainability

Volatility, uncertainty, complexity, and ambiguity (VUCA) are four characteris-
tics of the world we live in Ref. [39]. We observe more risks in the three supply chain
flows, because of wars, scarcity of fossil fuels, large accidents (like recently in the Suez
Channel), volatility of currencies, etc. Supply chain finance is often involved, because
of financing (larger) inventories for a longer period, financing suppliers (especially
so-called deep-tier finance), dealing with increased risks, etc.

An example of the leading principles (green, resilient, and inclusive) of a supply
chain finance program can be found in the Trade and Supply Chain Finance Program
of the Asian Development Bank [17].

Figure 4.
Reverse factoring in five steps (developed by the author).

Discount rate Days paid earlier

2,0% 20

1,9% 19

1,8% 18

1,7% 17

1,6% 16

1,5% 15

Etc. Etc.

0% 0

Table 7.
Example of dynamic discounting (developed by the author).
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Sustainability in supply chain finance has at least two dimensions:

I.Sustainability in finance.

II.Sustainability in supply chains.

Sustainability in finance was already discussed in paragraph 4 about corporate
finance based on the publications of Schoenmaker and Schramade, introducing their
integrated value model (in which financial value, social value, and ecological value
were integrated). Similar approaches can be found in Gleeson-White [40] and
Raworth [41] introducing besides financial value, other sorts of values based on
externalities (e.g., social value and ecological value). Externalities are positive and/or
negative influences on consumers and/or producers that are not reflected in the
market price [42]. All those developments of integrated value are materialized in
integrated annual reports for businesses [43].

Another trend in finance is to include externalities in the cost price of the product
or service, this concept of true costing [44]. So, the true cost price of the product
includes the costs of goods sold (such as procurement costs and direct labor costs), the
costs of social externalities (such as extra labor costs for a fair wage), and environ-
mental externalities (additional costs of preventing pollution or any cost to recover
harm to the environment). This has a huge impact on the traditional way of calculat-
ing revenues and cost, and the traditional way [45], of calculating profit and economic
value according to EVA® [8].

Sustainability in the supply chain can be demonstrated by the “butterfly”model of
the Ellen MacArthur Foundation [46] by using the following loops:

• Maintenance

• Reuse/Redistribute

• Refurbish/Redistribute

• Recycle

The goals of the loops are to lower the use of virgin material, have lifetime exten-
sion, and minimize waste of production (and consuming products). A similar
approach [47] can be read in Figure 5, where the restoration cycles and the regener-
ation cycles are plotted.

The restoration cycle consists of the following sub-cycles:

• Share, maintain, and prolong

• Reuse and redistribute

• Refurbish and remanufacture

• Recycle

The regeneration cycle consists of the following sub-cycles:
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• Biogas

• Biochemical feedstocks

In both cycles, it is the general goal to reduce pollution and lower extraction of
virgin raw materials [46], in Figure 5 this is made more specific for logistics and
supply chain management [47].

The consequence of such new logistics models is that they have an impact on the
product or service that will be offered. For instance, you need equipment or trucks as
a company, in traditional business you buy such an investment from your supplier. In
new business models [48], you can think about all sorts of leasing (operational or
financial lease) or make a contract for the use of equipment or a truck as a service (in
the case of the truck: Mobility as a Service or MaaS, or with a computer with software:
SaaS). This has an impact on sales and inventories (supplier) and fixed capital and
costs (buyer), as well as on the financial needs of suppliers and buyers.

In the logistics trend radar 6.0 of DHL [49] about 40 trends are playing an
important role in the logistics industry, some of them a link to sustainable supply
chain finance, such as:

• Circularity

• Environmental stewardship

• Sharing economy

• Blockchains

Figure 5.
Sustainable logistics [47].
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• Cloud & Application Programming Interfaces (APIs)

• Next generation wireless

• Physical Internet

• Digital marketplaces

• Supply chain diversification

• …

DeSmet [50] introduces the supply chain triangle of service, cost, and cash, in his
model he develops the relationship between service and revenue, capital employed
(e.g., net operating working capital), and cost into one formula: ROCE (Return On
Capital Employed).

ROCE ¼ Revnues� Cost
Capital Employed ¼ Fixed AssetsþNet Working Capitalð Þ ∗ 100% (29)

DeSmet’s model was adapted by two practitioners [51] into a pentagon:
So, five forces play a role in the value metrics of supply chain management:

services (and sales), costs, capital employed, risk and resilience [52], and sustainabil-
ity from a more integrated value perspective [28].

Another new development is the combination of IT-cloud technology and the role
of financiers, called FinTech [53]. The advantages of the role of FinTech companies
are more efficient and effective, introducing new technology systems such as distrib-
uted ledger technology (e.g., Blockchain) and introducing new business models.

8. Conceptual model of supply chain finance

A conceptual model is defined as a conceptual model consists of units with attributes
(concepts, theoretical constructs) and relations between those attributes and concepts based
on theoretical constructs’; and has the following functions [54]:

1.What theoretical concepts (existing body of knowledge) are used in this
research?

2.Helpful in structuring the problem.

3.Linking to a system, according to system theory (cause and effect relationships)

A similar approach to the definition can be found in Verschuren & Doorewaard
[55] in which assumed causal relationships (based on existing theories) between the
core concepts of research are plotted, as shown in Figure 3.

Of course, in a conceptual model, the eclectic approach will be used, eclectic means
you combine different (parts) of theories for the conceptual model [54].

The goal of the conceptual model of supply chain finance (see Figure 6) is to
understand the main financial (and non-financial) flows, based on real events (such as
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buying, producing, and selling) in the supply chain, and their impact on business
flows in the focal company, and at the end the impact on: static and dynamic liquidity
(of the net operating working capital), and the integrated value performance (finan-
cial value or profit, social value, and environmental value).

The model has one important limitation, the impact of sustainability (see
Figure 6) on the supply chain is not plotted in Figure 3, otherwise, the model would
have been more complex (than it already is).

The conceptual model of supply chain finance is constructed based on an input-
transformation-output model [30], so we start reading Figure 3 from the left to the
right. We observe the following parts in the conceptual model:

8.1 Supply chain events (Inputs A)

An important input is the twisted supply chain (see also Figure 1) on the left-hand
side, starting with purchases, production, and sales. This is also the start of the
Purchase to Pay (P2P) and the Order to Cash (O2C) processes. The supply chain
events are:

• Buying of raw materials and components from suppliers, which results in the
purchase-to-pay (P2P) process.

• Transformation respectively production from raw materials and components to
work in progress (WIP) and finalized into products and services.

• Selling (Including distribution) of final products and services to the customers.

Each sub-process has an impact on creditors/account payables, inventories and
debtors/account receivables.

Figure 6.
Five forces in logistics/supply chain management.
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8.2 Business processes (throughput/transformation)

From the supply chain events (Step I) we arrive at the box of business processes, in
which all sorts of data are processed by the focal company. Data of incoming invoices
(from suppliers), outgoing invoices (to customers), and production (from invento-
ries) will have an impact on the different business systems of the focal company. We
will use the enterprise resource planning (ERP) system as the overall business system
that includes functionalities such as accounting (ledgers), warehouse management
system (WMS), and materials resource planning (MRP). Often the structure/design
of this business application is according to principles [30] such as lean management,
just-in-time (JIT), and sales & operational planning (S&OP).

This has an impact on the supply chain finance metrics (see also step IV) according
to the cube model [1], the value of net operating working capital (NOWC), duration
or time, and the interest rate (e.g., WACC) play a role in the connecting three boxes in
this section of the conceptual model.

8.3 Financial data (inputs B)

Another important input is the Capital Asset Pricing Model (CAPM) data of the
focal company and from the macroeconomic environment. The data of the capital
asset pricing model are exogenous data, which implies the focal company cannot
influence them. Part of the data is strategically chosen by the strategic management of
the company (Chief Executive Officer and/or Chief Financial Officer) and is data for
the operations in the focal company. The financial structure of the focal company
(materialized in the ε or equity ratio and λ or debt ratio) is an example of such a
strategic choice by the executive management.

The market risk of the company (β) is a yardstick for the risk of the focal company
compared to the stock market, it informs us how volatile the share of the focal
company is (compared to the stock market).

The risk-free interest rate (RRF), the required market return (RM), as well as the
interest rate on loans (RD) are dictated by the financial market. So, the focal company
does not influence those factors.

Finally, the government determines the corporate tax rate (τ).
All these inputs result in the CAPM basic formula of the return on equity:

RE ¼ RRF þ β ∗ RM � RRFð Þ (30)

This will continue in the weighted average costs of the capital formula:

WACC ¼ RE ∗ εþ RD ∗ λ ∗ 1� τð Þ (31)

The WACC formula will be used to calculate EVA® in the next step (Step IV)

8.4 Supply chain finance outcomes or SCF metrics (outputs)

In the final step of the supply chain finance conceptual model, we have left two
final boxes (one on the right-hand top and one on the right-hand bottom). One box is
about static and dynamic liquidity. In the supply chain finance dynamics plays an
important role (Cash to Cash cycle), in which the three components of net operating
working capital are expressed in time: DIO, DSO and DPO.
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The static ratio such as Quik Ratio (QR), Current Ratio (CR), and the NOWC
turnover ratio are not so much used in supply chain finance ratios, although they
might be quite relevant for the CFO of the focal company to evaluate the financial
needs of the company in the short term of the business [8].

From the business processes (Step 2) and the CAPM data (Step 3) the costs of net
operating capital can be calculated, using the cube model [1].

The final box (right-hand bottom) is about the integrated value model [28]. The
financial value is calculated based on the traditional finance theory [8] with metrics
such as EVA®, ROE, and ROCE. All financial metrics represent the Anglo-Saxon
paradigm of the slogan “Cash is King.”

The social value measures the added value of nonfinancial stakeholders such as
suppliers, workers, and customers. That are not materialled in the financial value.
Social value is typically an externality [42]. There are studies (True [56]) about the
social costs of for instance a cotton t-shirt (estimated at around € 13), often based on a
few types of cheap labor. Also, multinational enterprises try to estimate social value
(often based on non-financial metrics [57].

The environmental value measures the impacts on the planet (the well-known
triple bottom line: people, planet, and profits). The impact on the environment can be
measured during the extraction from nature (such as extraction of oil and metals),
during the production (deforestation, dehydration, pollution of water, air, and soil)
and the economic life of products (waste of materials like glass, paper, batteries, etc.).

A big issue is also her to find a financial and/or a nonfinancial metric to measure
the environmental impact. In a case study of the Impact Institute, we observe an
estimation of environmental costs of cotton t-shirts of about € 5 (True [56]). In the
Annual Report 2022 of Philips, we observe a serious attempt to quantify environmen-
tal impact often in a nonfinancial way in the ESG statements [57].

In the logistics industry, we observe huge attention to downsizing the impact of
pollution of different transport modalities (sea, air, and road).

Recently historical foundations, current research, and future developments were
published by Caniato et al. [36]. In one of the current eight studies, there was some
attention to a framework; and one of the future developments is about real-time
information and the use of blockchain (distributed ledger technology). A case study
in which this was implemented by a focal company (Heering-Holland) in a supply
chain using an IT platform (Tradecloud-One) was quite recently published by
Jansen et al. [31].

9. Conclusion

The author developed in this chapter a few perspectives on supply chain finance.
The basic model of supply chain finance was discussed, based on supply chain man-
agement/logistics management, finance and control, ERP & IT platforms, and supply
chain finance instruments (including FinTechs).

This basic model of supply chain fiancé is very financially driven (Cash is King),
while nowadays financial models are based on the integrated value concept. In the
integrated value concept, financial value, social value, and environmental value are
combined into one model.

Finally, the world is turbulent and supply chains have to deal with risk and
volatility to be resilient in such a VUCA world. This will also have an impact on the
traditional way supply chain finance looks at their instruments and business models.
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Chapter 2

Supply Chains for Hydrogen
and Carbon Dioxide for Sustainable
Production of Base Chemicals
Thomas E. Müller

Abstract

In pursuit of global climate goals, the emergence of a hydrogen economy is a
promising avenue, emphasizing the environmentally friendly production and versatile
applications of hydrogen as an energy carrier, raw material, and cornerstone for
energy-intensive sectors such as power, transportation, and especially the chemical
industry. This evolution requires profound changes in the supply chain, ranging from
the establishment of a robust hydrogen infrastructure to the realization of efficient
transportation, distribution, and storage mechanisms. Amidst a plethora of potential
hydrogen supply modalities, determining the path to a carbon-neutral hydrogen
economy presents complex challenges. This chapter explores these transition com-
plexities in the context of sustainable technology development. It also critically
assesses the symbiosis between this transition and emerging carbon supply chains,
particularly those aiming for closed carbon cycles, and presents a holistic vision for
future sustainable frameworks in the chemical sector.

Keywords: hydrogen, supply chain, renewable energy potential, energy transport,
feedstock, chemical industry, carbon sources, sustainability

1. Introduction

With its vast array of products and intricate processes, the chemical industry is one
of the influential sectors of the global economy. At the heart is a progressively
branching, yet mostly linear, supply chain originating from fossil resources (Figure 1)
that ensures the seamless flow of raw materials, intermediates, and finished products
across continents and markets. This supply chain, honed over decades, is the silent
engine that powers our modern world, from the materials to the chemicals and fuels
we use in our daily lives. In this chapter, we will analyze today’s chemical supply chain
to understand its intricacies, challenges, and the innovations [1] that are driving their
evolution in a rapidly changing global landscape.

As our collective awareness of the fragility of the planet grows, the concept of
sustainability has evolved from a niche concern to a global imperative. For industry,
including the chemical sector, the call for sustainability is not only a moral obligation,
but also an economic and strategic necessity. Traditional paradigms that emphasized
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efficiency and output are now converging with environmental protection, resource
conservation, and social responsibility. The pressing challenges of climate change,
resource depletion, and environmental degradation underscore the need for sustain-
able transformation in chemical supply chains [2]. This chapter explores emerging
sustainable amendments to the supply chain (Figure 1) and how these changes are
reshaping the very fabric of chemical production, distribution, and consumption.

In the midst of this transformative shift, the world is eyeing the contours of a
sustainable hydrogen economy as an indispensable part of a clean energy supply.
Hydrogen stands out not only as an energy vector, but as a keystone for the sustain-
able evolution of the chemical industry. At the same time, the push toward closed
carbon cycles [3] promises a breakthrough solution to some of the world’s greatest
environmental challenges. By capturing and reusing carbon dioxide (CO2), we can
forge supply chains that significantly reduce carbon footprints [4] and ensure a
circular economy (Figure 1). As we navigate the complex realm of possibilities, it is
critical to merge these two paradigms—building an infrastructure that promotes
hydrogen while optimizing the sustainable use of carbon. The goal of this chapter is to
demonstrate the synergies between a sustainable hydrogen economy and a closed-loop
carbon supply chain, with the aim of outlining a blueprint for sustainable production
in the chemical industry.

1.1 Sustainable hydrogen economy

One promising strategy to meet global climate objectives is transitioning to the so-
called “hydrogen economy” [5]. This concept is based on producing hydrogen in a
climate-friendly manner and then using it as an energy source, raw material, and
feedstock in energy-intensive sectors such as power generation, transportation, and
the chemical industry [6, 7]. In 2020, global hydrogen production was about 120
million tons per annum (t/a) [8]. Hydrogen is used for oil refining and as important
feedstock in the chemical industry (39 million t/a), for methanol production and the
production of platform and high-value chemicals (14 million t/a) as well as ammonia
synthesis (32 million t/a) [9]. Hydrogen plays roles in steel production by the
direct reduced iron process (5 million t/a) and in the generation of electricity and heat
(30 million t/a) [8]. By 2050, once a hydrogen economy takes shape, the worldwide
demand of hydrogen could rise to about 530 million t/a [10]. Transitioning to this
hydrogen economy requires fundamental changes in the supply chain including

Figure 1.
Schematic representation of the linear fossil-based supply chain and the amendments needed to make the supply
chain sustainable.
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establishing new technologies for hydrogen production and a suitable hydrogen
infrastructure. This comprises creating new transport, distribution, and storage sys-
tems. Given the diverse methods available for hydrogen supply, determining the best
way to provide hydrogen sustainably in the future hydrogen economy needs to be
carefully analyzed.

2. Sustainable supply chains for hydrogen

An overview of various hydrogen production technologies, distinguishing between
those derived from fossil fuels and those derived from renewable resources, is given in
Table 1. The technologies are classified according to the primary feedstock. A notable
advance in reducing the process-related CO2 emissions of conventional hydrogen
production is the incorporation of Carbon Capture Utilization and Storage (CCUS)
technologies. While relying on the same fossil resources and production process, these
methods focus on capturing a significant part of the arising CO2. After capture, this
CO2 can either be reused (termed as “Carbon Capture and Utilization” or CCU) or
stored (known as “Carbon Capture and Storage” or CCS) [11].

Hydrogen production technologies vary significantly in their development stage,
the raw materials or feedstocks they employ (e.g., natural gas, oil, coal, biomass,
water), the utilities they require, and their associated Greenhouse Gas (GHG) emis-
sions. To facilitate differentiation, common color-based terms are used to categorize
these technologies. For example, the colors “gray,” “blue,” “turquoise,” and “green”
often refer to conventional low-CO2, CO2-free, and carbon-free production pathways,
respectively (Figure 2) [12, 13]. Several other color descriptors, such as “yellow,”
“purple,” “pink,” “brown,” and “black,” have been introduced to classify hydrogen
production technologies [14].

Hydrogen produced from fossil resources is commonly termed “gray” or conven-
tional hydrogen. The most common technology for producing hydrogen is through
steam reforming of natural gas. This is often combined with two other fossil-based
technologies that are widely used on an industrial scale, autothermal reforming, and
partial oxidation [13]. The carbon dioxide resulting from these processes is emitted
into the atmosphere, contributing to GHG emissions and, consequently, to global
warming [15, 16].

“Blue” hydrogen, often referred to as low-CO2 hydrogen, uses the same process
technologies as “gray” hydrogen [12]. The key difference is how the off-gases from

Technologies based on fossil resources Technologies based on sustainable resources

Natural gas Oil Coal Biomass Water

Steam reforming X Dark fermentation Electrolysis

Autothermal reforming X X Photofermentation Thermolysis

Partial oxidation X X Bio-photolysis Photolysis

Pyrolysis X X X

Gasification X X X

Table 1.
Hydrogen production technologies categorized according to the primary feedstock.
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hydrogen production are managed. Before these gases are released into the atmo-
sphere, they are treated to capture most of the resultant CO2. This captured CO2 is
then stored in geological formations. For a process to earn the “low-CO2” label, it is
essential to ensure that the CO2 is stored safely. Over time, the CO2 gradually reacts
with the surrounding rock. It is worth noting that there is no universally accepted
definition specifying the minimum percentage of CO2 that must be captured and
stored to qualify for this classification [13].

“Turquoise” hydrogen is produced through methane pyrolysis (MP) [12], a process
that cleaves methane into gaseous hydrogen and solid carbon. Notably, this process
results in no direct CO2 emissions, earning it the “CO2-free” label. Similar to the
captured CO2 in “blue” hydrogen production [12], the solid carbon byproduct from
MP requires long-term storage to keep it out of the atmospheric carbon cycle [3]. It is
also important to note that for the process to be truly CO2-free, the heat required for
the process must be generated without the burning of fossil fuels and the associated
release of CO2 into the atmosphere [15, 17].

“Green” hydrogen is classified as such when its production is based entirely on
renewable resources [12]. One notable method of producing “green” hydrogen is
water electrolysis powered by electricity derived from renewable primary energy
sources. This process does not involve any carbon-based feedstocks. Furthermore,
neither the upstream value chain of electricity generation nor the operation of the
electrolysis system produces CO2 emissions, except for those associated with the
construction and eventual disposal of the necessary plants and infrastructure. As
a result, water electrolysis is often labeled as “carbon-free” [15, 17]. However,
similar to the classification of “blue” hydrogen, the label for “green” hydrogen can
be ambiguous [12]. There may be instances where the electricity used in the
electrolysis cells is supplied by a mix that includes fossil-based primary energy
sources [13]. Such a mix might be needed to maintain a high utilization of the elec-
trolysis cells, given the intrinsically fluctuating availability of renewable primary
energy sources [18].

Technologies that are poised for large-scale hydrogen production in the
near to midterm future are characterized by their reliance on feedstocks with
the established, extensive distribution networks and a high Technology Readiness
Level (TRL).

Figure 2.
Hydrogen production pathways and frequently associated colors, adapted from Ref. [12].
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2.1 Hydrogen production by steam methane reforming

Today, hydrogen production relies primarily on fossil hydrocarbons as the primary
feedstock. The annual production of 70 million t/a of hydrogen is based mostly on the
reforming and gasification of natural gas (76%) and coal (23%) [9]. The leading
processes are steam reforming, partial oxidation, and autothermal reforming. The
remainder of global hydrogen production is attributed to electrolysis, with chlor-alkali
electrolysis being the predominant process [9].

Steam reforming [19] is a process that typically uses natural gas as a hydrocarbon
feedstock. Methane (CH4) is the major constituent of natural gas with a molar fraction
of 75 to 99% [20]. Therefore, steam reforming is mostly termed Steam Methane
Reforming (SMR). However, natural gas also contains varying quantities of higher
alkanes. Additionally, it comprises inert gases such as nitrogen and helium, and acidic
“sour” gases, predominantly carbon dioxide and hydrogen sulfide [20]. It is worth
noting that hydrogen sulfide, when present in hydrogen, can be harmful for down-
stream processes. This is because sulfur compounds can poison catalysts by
chemisorbing to the metal centers that form the active sites of the catalysts [21].
Therefore, it is critical to remove hydrogen sulfide from the hydrocarbon feed [22].
This removal is typically accomplished by hydrotreating or by reaction with activated
zinc oxide [15].

The main process steps in SMR are depicted in Figure 3. Initially, methane
undergoes catalytic cleavage, forming carbon monoxide (CO) and hydrogen (H2).
This reaction takes place in the presence of steam (H2O) at temperatures ranging from
700 to 900°C [24] and pressures between 3 and 35 bar [6, 25]. Commonly used
heterogeneous catalysts for this process include nickel sponges [15], as well as metal-
supported catalysts like nickel/aluminum oxide (Ni/Al2O3) [26, 27] or ruthenium/
zirconium dioxide (Ru/ZrO2) [28].

Reacting hydrocarbons with water (as shown in Eqs. (1) and (2)) is highly endo-
thermic that requires substantial external heat supply [19]. The necessary reaction
temperatures depend on the hydrocarbon feedstock and typically fall within the 700
to 900°C range [24]. Specifically, for methane, hydrogen formation commences at
temperatures above 750°C [24, 25]. The required heat is usually supplied through
superheated steam, external reactor heating, or both. Natural gas and off-gases from
hydrogen purification are frequently used as fuels for this purpose [6]. In addition, the

Figure 3.
Main process steps in hydrogen production by steam methane reforming and options for carbon capture, adapted
from Ref. [23].
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subsequent step in the SMR process chain, the exothermic Water-Gas-Shift
(WGS) reaction (as detailed in Eq. (3)), can be harnessed to contribute to heat
integration [19].

CnHm þ n H2O ! n COþ nþm
2

� �
H2 (1)

CH4 þH2O⇌COþ 3 H2 ΔH0
R ¼ þ206:3 kJ=mol (2)

COþH2O⇌CO2 þH2 ΔH0
R ¼ �41:2 kJ=mol (3)

After the reforming step, the resulting hydrogen stream contains more than
10 vol.% CO [28]. The WGS reaction addresses this aspect by converting CO and
water to CO2 and H2, enhancing the hydrogen yield (Eq. (3)). There are two distinct
WGS methods, characterized by their operating temperature ranges and catalyst
types:

• High-temperature shift WGS: This operates at temperatures between 310 and 500°
C and at pressures between 25 and 35 bar. The catalysts used are iron/chromium
(Fe/Cr) [29, 30] or cobalt/molybdenum (Co/Mo) [28].

• Low-temperature shift WGS: This operates at temperatures between 190 and 280°
C. The catalysts used are copper oxide/zinc oxide (CuO/ZnO) [29] or brass-type
catalysts [28].

Typically, a two-stage reactor is used combining these WGS conversion steps.
After the dual-step WGS conversion, the carbon monoxide content in the product
stream is reduced to about 1% [28]. Carbon dioxide is removed by physical absorption
in gas scrubbers. If the hydrogen is destined for ammonia production, residual traces
of carbon oxides are methanized, since methane does inhibit ammonia formation. For
the generation of high-purity hydrogen, further purification is augmented by methods
such as freezing, selective catalytic oxidation, Pressure Swing Adsorption (PSA),
hydride storage, and membrane diffusion [6, 15, 25].

Steam Methane Reforming’s (SMR’s) performance is influenced by several factors.
According to the Le Chatelier principle, higher temperatures and lower pressures
enhance the process [25]. Introducing excess steam avoids coke formation, which is
represented by the steam-to-carbon ratio. Typically, this ratio ranges between 2 [19]
and 5 [24, 25]. For a balance between hydrogen yield, efficiency, and compact plant
dimensions, a ratio between 2.5 [31] and 3.5 [19] is often deemed optimal. Current
developments in SMR focus on elevating energy efficiency, particularly in steam
preheating. This aims to reduce fuel consumption and increase the reformer’s outlet
temperature [32].

Steam Methane Reforming is a mature, well-established technology with a TRL
of 9 [25, 27]. Some of the largest SMR plants have capacities of up to 120,000 Nm3/h
of hydrogen, primarily to serve the downstream production of ammonia (NH3) [33].
When evaluating the overall process efficiency based on a Higher Heating Value
(HHV), SMR operates at about 65 to 70% [34, 35]. Any excess heat—for instance,
steam [36] from cooling of the flue gas or from intermediate product stream cooling—
can be repurposed. The steam can either be used to supply adjacent industrial facilities
or to produce electricity in steam turbines. The theoretical efficiency limit of SMR
stands between 88.9 and 90.7% on a HHV basis [36]. A significant drawback of SMR is

32

Supply Chain – Perspectives and Applications



its notable process-related CO2 emissions. With annual emissions currently at 530
million t/a, SMR contributes considerably to exacerbating climate change [9].

2.2 Hydrogen production by partial oxidation

Partial oxidation is currently the second most prevalent method for hydrogen
production [9]. While SMR mostly utilizes natural gas, partial oxidation primarily
processes higher hydrocarbons [22, 25]. A major advantage of partial oxidation is its
flexibility with regard to feedstock quality [37]. In fact, a wide range of carbonaceous
materials, ranging from heavy oil and coal to biomass and waste, can serve as potential
feedstocks for partial oxidation [38]. The chemical equations of the partial oxidation
of hydrocarbons and, specifically, of methane are given in Eqs. (4) and (5),
respectively.

CnHm þ n
2
O2 ! n COþm

2
H2 (4)

CH4 þ 1
2
O2⇌COþ 2 H2 ΔH0

R ¼ �35:6 kJ=mol (5)

Partial oxidation can operate without the need for a catalyst, depending on the
chosen feedstock [25]. This non-catalytic approach, also known as thermal partial
oxidation, is especially advantageous, when processing sulfur-rich feedstocks such as
crude oil or coal [37]. Compared to SMR, the thermal partial oxidation process is
carried out at higher temperatures ranging from 1200 to 1500°C [38] and elevated
pressures between 20 and 100 bar [6, 25].

To enhance the hydrogen yield and facilitate the use of reduced process tempera-
tures in the range of 800–900°C [15, 19, 38], a catalyst can be introduced. Both, noble
metals (such as Pt, Rh, Ir, Pd) and non-noble metals (like Ni, Co), are commonly used
as heterogeneous catalysts for partial oxidation [38]. For catalytic partial oxidation to
be effective, the sulfur content of the feed must, however, be below 50 ppm to
prevent catalyst poisoning [38]. If the feed has higher sulfur contents, the non-
catalytic partial oxidation is preferable. Otherwise, similar to SMR, there is a prereq-
uisite to desulfurize the feedstock [38].

After any necessary pre-treatment, the hydrocarbon feedstock undergoes partial
oxidation. This is achieved by adding less than the stoichiometrically required amount
of an oxidant [38]. While air, oxygen, and oxygen-enriched air can be used [38], pure
oxygen is the preferred choice. Using pure oxygen avoids the reaction of nitrogen and
hydrogen, leading to a cleaner, more concentrated product stream [25].

As in SMR, hydrogen and carbon monoxide are the main products. Moreover, the
use of sulfur-containing feedstocks results in the formation of hydrogen sulfide and a
small amount of carbonyl sulfide as by-products [25]. The raw product gas may also
contain particles such as soot. To remove these unwanted contaminants, the hydrogen
stream must be cleaned, for example, by a gas scrubber [28, 39]. For feedstocks with
relatively high sulfur contents above 3–4 wt.%, elemental sulfur can be recovered as a
marketable byproduct [40].

The subsequent process steps resemble those of the SMR process [25]. The WGS
reaction (Eq. (3)) is carried out to further increase the hydrogen yield, followed by the
final purification of the product stream.

The concept of partial oxidation surpasses that of SMR in terms of a more compact
process design and higher reaction rates [41]. In addition, no external heat is required
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as sufficient energy is recovered from the exothermic oxidation reaction [41, 42]. A
disadvantage of partial oxidation is the need for pure oxygen as oxidant. Oxygen is
usually provided by a cryogenic air separation unit [15], which is typically the most
expensive part of the plant [25, 43]. In the future, however, sample amounts of pure
oxygen may be available from water electrolysis plants, as this technology becomes
widely available.

2.3 Hydrogen production by autothermal reforming

Autothermal reforming [44] is a process that combines steam reforming and
non-catalytic partial oxidation in a single reactor to take advantage of both
technologies [22, 37, 38, 43]. The reactor is configured in two successive sections:
In the first section, called the combustion zone, the partial oxidation takes place.
The heated gas is then passed to a fixed bed catalytic section where the
reforming reactions take place [45]. After syngas production, as in SMR and partial
oxidation, the WGS reaction is performed to further increase the hydrogen yield
[22, 46].

Gaseous and liquid hydrocarbon feedstocks can be processed. At a process
temperature of 850°C, a crude product gas with about 60 to 65% hydrogen is
obtained [28]. As with the individual processes, it is advantageous to operate the
autothermal reforming process with an excess of steam, high process temperatures,
and pure oxygen as the oxidant. These measures prevent the formation of solid
carbon particles such as coke in the reactor [6, 28, 39]. Assuming methane as
feedstock, the net enthalpy is ΔH0

R ¼ þ170 kJ=mol. Noteworthy, the process
can be operated as an exothermic, endothermic, and thermoneutral type
depending on the selected ratio of hydrocarbon feedstock, oxygen, and steam
supply [45].

By integrating the excess heat of exothermic partial oxidation (Eqs. (4) and (5))
for endothermic steam reforming (Eq. (1)), the combined autothermal reforming
process results in higher thermal efficiencies than the individual processes [47].
Furthermore, autothermal reforming shows higher feedstock flexibility [45] and
entails a lower risk of coking than SMR [31]. Autothermal reforming is considered to
be suited for relatively small production plants [28, 39] and producing syngas with a
low hydrogen/carbon monoxide (H2/CO) ratio [38, 48].

2.4 Hydrogen production by methane pyrolysis

In MP, methane (CH4) is cleaved into gaseous hydrogen (H2) and elemental
carbon (C) [49, 50], as given by Eq. (6).

CH4⇌Cþ 2 H2 ΔH0
R ¼ þ74:9 kJ=mol (6)

In the MP process, methane is primarily sourced from natural gas, a fossil hydro-
carbon feedstock. As shown in Figure 4, the main process steps in MP include the
actual cleavage of methane into gaseous hydrogen and solid carbon, the removal of the
solid carbon from the product stream, and the purification of the hydrogen produced
[44]. MP requires greater amounts of methane for hydrogen production, given that
the molar ratio of H2 product to CH4 feedstock is 2:1, compared to 4:1 for SMR. A
notable advantage of MP over SMR is its reduced environmental impact [12]: MP does

34

Supply Chain – Perspectives and Applications



not result in direct CO2 emissions. Therefore, hydrogen produced by MP is frequently
labeled as “turquoise” or CO2-free hydrogen [12, 13]. Because of this environmental
advantage, MP is regarded as a potential bridging technology for more climate-
friendly hydrogen production [51].

As methane is chemically very stable and MP an endothermal reaction, high tem-
peratures are necessary to trigger the chemical conversion [52]. MP technologies are
classified according to the characteristic temperature range, into catalytic, non-
catalytic thermal, and plasma-based processes (Figure 5). By using a suitable catalyst,
the methane conversion can be achieved at temperatures as low as 500°C [54]. It
should be noted that the reaction rate increases with temperature [50, 55]. In contrast,
the thermal, non-catalytic conversion of methane necessitates temperatures of at
least 700°C [54]. Plasma technologies are particularly suitable for achieving the high
temperatures required for thermal MP. To achieve practical space-time yields in
industrial applications, anticipated temperatures are above 800°C for catalytic
processes, 1000°C for non-catalytic processes, and up to 2000°C for plasma-based
processes [53, 56, 57]. Significant research is currently underway to determine the
optimal choice of catalyst for MP, to understand the kinetics of the reaction, and to
elucidate the underlying reaction mechanism. This research is aimed at developing a
robust and scalable process concept [58].

Numerous reactor concepts have been proposed for MP. These include plasma
[59–61], packed bed [62], (circulating) fluidized bed [63–65], monolithic [66, 67],
liquid bubble column [49, 68–72], and moving bed reactors [53]. Most of these
concepts, however, are still in the early stages of development, predominantly
explored at the laboratory scale (TRL 3–4) [53]. Scaling up MP for commercial
hydrogen production presents several challenges [53] that must be overcome:

Figure 4.
Main process steps of hydrogen production by methane pyrolysis.

Figure 5.
Classification of methane pyrolysis concepts adapted from Ref. [53].
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1.Meeting the significant heat demand to achieve practical space-time yields.

2.Managing the deposition of coke and solid carbon on the catalyst surface and
within the reactor.

3.Use of natural gas, as opposed to pure methane, as a feedstock. This requires
understanding the effects of a more complex gas composition on both process
performance and product gas purity.

4.Effective processing and finding commercial applications for the resulting solid
carbon that is obtained as a byproduct.

Catalysts play a pivotal role in MP. Various metals, especially nickel [73–75], iron
[76, 77], and cobalt [78, 79], as well as carbonaceous materials [63, 80–83] have been
investigated as potential catalysts. Molten media [70–72, 84, 85] have been tested to
enhance methane conversion and hydrogen selectivity at lower temperatures.

Among the metals tested, nickel showed the highest catalytic activities [86, 87],
followed by cobalt and iron [88]. Nickel-based catalysts, in particular, suffer from
rapid deactivation [89–91]. The deposition of coke on the active sites of the catalysts
and in the reactor results in catalyst deactivation [92], decreased heat transfer [93],
and reactor plugging [55, 94]. This progressively slows the chemical conversion and
leads to a decline in the hydrogen yield. As a result, the catalyst must be periodically
regenerated [58]. Suitable methods for removing the accumulated carbon are oxida-
tion of the carbon and gasification with steam. However, both methods lead to the
unwanted formation of CO or CO2 and are contrary to the purpose of producing high-
purity hydrogen [55, 69, 85]. In addition, the carbon byproduct may contain catalyst
residues [58]. Nickel-based catalysts are relatively costly [95]. Cobalt-based catalysts
have lower activity than Ni-based catalysts [79, 96], and their use raises toxicity
concerns [74, 97]. In contrast, iron-based catalysts often show greater resistance to
carbon accumulation [98, 99], and result in lower costs [95] and fewer environmental
concerns [100, 101]. However, iron-based catalysts are less active and provide
incomplete methane conversion at moderate temperatures [96].

Carbonaceous materials, such as activated carbon [102], carbon black [103], or
graphite [104], combine many desirable properties for use as catalysts in MP, including
resistance to high temperatures [52, 105], low cost [81], non-toxicity [58], and tolerance
to sulfur compounds [82]. In addition, there is no need to regenerate the carbon catalyst
[81], thus avoiding the unwanted formation of CO2. However, the carbon catalysts
require high reaction temperatures to provide reasonable hydrogen yields [106].

Certain metals (Ti, Pb, Sn) [49, 50, 68, 69], metal alloys (Ni-Bi, Cu-Bi) [72, 84], and
salts (KBr, NaBr, NaCl, NaF, MnCl2, KCl) [70, 71] have been proposed to catalyze the
thermal cleavage of methane in the form of molten media [85]. In a bubble column
reactor methane is introduced at the bottom of the melt, forming bubbles that rise to the
surface. Methane cleavage occurs at the interface between the gas bubbles and the
molten medium. The rapid physical motion of the gas-liquid mixture results in constant
recirculation of gas bubbles and prevents the accumulation of carbon at the interphase
[107]. Molten tin has been found to be a suitable medium, allowing operating tempera-
tures up to 1200°C [69, 94]. Laboratory-scale tests of this technology have shown that
hydrogen can be produced for many hours without reactor plugging [50, 69].

The bubbles are buoyant according to Archimedes’ principle and rise to the surface
of the melt. Since two moles of gaseous hydrogen are formed for each mole of
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methane, the amount of gas contained in the bubbles increases, resulting in an
increasing buoyancy. As a result, the bubbles rise progressively faster until they burst
open at the top of the melt. Gaseous hydrogen and residual methane escape upward
often entraining some of the solid carbon that separates from the molten medium
[85, 94]. Carbon floating on the surface of the melt can be removed and collected [69].
Carbon particles entrained in the gas stream are removed by a filtration system.
Hydrogen is then separated from the product gas stream by PSA or by the use of
metallic membranes [51, 94, 108]. Unconverted methane is recycled to the reactor.

Industrial applications of MP currently would be based on the use of natural gas. At
a later stage, methane from biogas plants may also be used as a feedstock [44]. Few
studies have addressed the influence of trace components in the feed gas on critical
process parameters such as selectivity, product quality, and conversion [53, 58].
Nickel- and iron-based catalysts are progressively deactivated by contact with
hydrogen sulfide [82]. Small amounts of higher alkanes may reduce the deactivation
of carbon catalysts [80, 109]. Consequently, feed conditioning may be required.
Natural gas components other than CH4 can trigger the formation of undesirable
byproducts such as (un-)saturated hydrocarbons and (poly-)cyclic aromatic
compounds [57, 110, 111].

On a mass basis, MP yields a hydrogen-to-carbon ratio of 1:3, which means that
only 25% of the product mass is attributable to the primary target product hydrogen
[53]. Consequently, the utilization of the carbon byproduct will be critical to the
economic feasibility and environmental performance of the process. Highly dispersed
amorpous carbon with small particle sizes is currently marketed as carbon black [112].
Carbon black is primarily used as a reinforcing filler in tires and other rubber prod-
ucts, and as a black pigment in plastics, paints, coatings, and printing inks [94, 113].
Minor applications include the manufacture of dry cells and electrodes, and the
enhancement of antistatic and conductive properties of polymers and resins [114].
Each application requires a different grade of carbon black with narrow specifications
for physical and chemical properties [115].

Depending on the process and the feedstock, furnace black, gas black, channel
black, lamp black, acetylene black, and thermal black are distinguished [112]. The
internally heated furnace black process, based on petroleum and coal tar oil feed-
stocks, is most widely used today due to a wide range of accessible carbon black grades
and economic viability [116]. The thermal black process provides carbon blacks spe-
cialized for high filler mechanical rubber goods. Mainly for economic reasons, indus-
trial plants for example, by the company Monolith Materials have been
decommissioned and production has been focused on carbon black [116].

A disadvantage of MP is that it produces two economically valuable products at the
same time [53, 59, 117]. The existing carbon black market is of insufficient size
considering the sheer scale of a potential future hydrogen production by MP
[118–120]. Global annual carbon black consumption is projected to exceed 15 million
t/a [113] in 2025. In comparison, meeting the current annual demand for pure H2 of
approximately 70 million t/a [9] by MP would result in approximately 210 million t/a
of carbon [44], exceeding the estimated market demand for carbon black by a factor
of 14.

The mismatch between supply and demand is even greater when considering the
expected increase in hydrogen demand in the future. It is unlikely that the full range
of carbon black grades can be produced by MP alone. Finally, increased material use of
the carbon, for example, as a filler in polymeric materials, would result in renewed
CO2 emissions at a later stage of the life cycle. To achieve truly CO2-free hydrogen
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production from MP, the carbon must be permanently removed from the atmosphere
[44]. While storage does not add value, the use of carbon fillers in concrete and for
other construction purposes could meet the criteria for long-term removal of the
carbon from the atmosphere. Carbon-reinforced cement could also contribute to
material savings and reduced energy demand [121–123].

2.5 Hydrogen production by water electrolysis

Water electrolysis [44] is the electrochemical cleavage of water (H2O) into hydro-
gen (H2) and oxygen (O2), Eq. (7). Unlike other hydrogen production technologies,
water electrolysis does not rely on fossil resources. As a result, hydrogen from water
electrolysis is often referred to as “green” or carbon-free hydrogen [13]. Nevertheless,
there may be significant climate change impacts from equipment manufacturing,
infrastructure development, and the underlying water and electricity supply chains
[44].

H2O⇌H2 þ½ O2 ΔH0
R ¼ þ285:9 kJ=mol (7)

Water electrolysis [44] is based on an electrolysis cell, which consists of two
electrodes that are spatially and electrically separated from one another by a an ion-
conducting electrolyte [124]. Electricity is supplied in the form of a direct current to
create a difference in electrical potential between the electrodes [124]. When a suffi-
ciently high electric potential is applied, an endothermic (ΔHR >0), non-
spontaneous (ΔGR >0) redox reaction is initiated [126]. At one of the electrodes,
water is electrochemically converted to either O2 and positively charged ions (cations)
by oxidation, or H2 and negatively charged ions (anions) by reduction [124]. The ions
then migrate through the electrolyte to the other electrode, attracted by its opposite
charge [127]. At the second electrode, the second part of the redox reaction takes
place, forming either H2 by reduction at the cathode, or O2 by oxidation at the
anode [128].

The thermodynamics of water cleavage is described by Eq. (8) in combination
with Eq. (9) [129]. The minimal voltage (Umin) for a water electrolysis cell to operate
can be derived by considering the electrons transferred per mol of water (n ¼ 2) and
the Faraday constant (F ¼ 96485 C=molÞ [129, 130].

ΔHR ¼ ΔGR þ ΔSR � T (8)

ΔGR ¼ Umin � n� F (9)

At a standard temperature of 25°C and pressure of 1 bar, the thermodynamic
changes associated with water cleavage are as follows: ΔG0

R ¼ 237:21 kJmol�1,
ΔS0R ¼ 0:1631 kJ mol Kð Þ�1, and ΔH0

R ¼ 285:84 kJ mol�1 [131]. When the entire process
heat is supplied externally, the minimum cell voltage for water splitting, called the
“reversible” cell voltage, is 1.23 V [126, 129, 130]. In many cases, both the electrical
energy and the thermal energy are supplied electrically, resulting in a thermo neutral
cell voltage of 1.48 V [126, 129, 130]. It is important to note that the actual cell voltage
(Ucell) in practice is higher due to the cell overpotential, which results from activation
losses at the electrodes, mass transport limitations, and ohmic resistances [130]. As
described by Eq. (10), these factors contribute to a reduced efficiency (ηU) of the
electrolysis cell, defined as the ratio of the minimal to the actual cell voltage [129].
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ηU ¼ Umin

Ucell
(10)

The efficiency of electrolyzers is given by the ratio of the energy content of the
hydrogen produced to the electricity consumed (Eel) [132]. Taking into account the
energy demand of the entire process chain, the metrics used for calculating the
efficiency is based on the Lower Heating Value (LHV, 3.00 kWh/Nm3), as given in
Eq. (11), or on the HHV value (3.54 kWh/Nm3) of hydrogen, as shown in Eq. (12)
[129]. The choice depends on the aggregate state of the supplied water, specifically
whether the water is in a liquid or vapor state. When liquid water is introduced into
the electrolyzer, the HHV value is used for calculations. However, when steam is
supplied, the LHV value is selected because the energy for water evaporation has been
accounted for before the water enters the electrolyzer. In addition, the choice between
HHV and LHV depends on the intended use of the produced hydrogen: chemical
applications prefer HHV, while energy-related applications favor LHV. Consideration
is also given to whether the oxygen byproduct will be further used [132].

ηLHV ¼ LHV
Eel

(11)

ηHHV ¼ HHV
Eel

(12)

2.6 Water electrolysis technologies

The primary technologies for hydrogen production by water electrolysis [44] are
Alkaline Electrolysis (AEL) [133], Polymer Electrolyte Membrane electrolysis (PEM)
[134], and high-temperature electrolysis with Solid Oxide Electrolysis Cells (SOECs)
[135]. These technologies differ in their stage of development, choice of electrolyte
and charge carrier, operating conditions, and suitability for dynamic operation, espe-
cially when powered by intermittent renewable energy sources [124]. Commercial
systems are available for both AEL and PEM, with AEL being the most advanced and
dominant commercial technology [136]. Its leading position largely arises from the
knowledge and experience acquired from chlor-alkali electrolysis, the main technol-
ogy used for the production of chlorine and caustic soda [137]. In contrast, SOEC is
still under development and has yet to gain a foothold in the industry [138–140]. Each
electrolysis technology has its own set of advantages and disadvantages. The following
is a brief overview of the three main technologies.

2.6.1 Alkaline water electrolysis

In AEL, a diaphragm that is permeable to OH� ions separates the electrodes
(Figure 6). Conventional AEL systems employ an alkaline solution, typically 20–
40 wt.% aqueous potassium hydroxide, as the electrolyte [141, 142]. In the newer,
advanced AEL concept, the electrodes are separated only by a gas-tight barrier, elim-
inating any spatial gap. This innovative “zero-gap” technology [143] achieves superior
efficiencies compared to conventional AEL systems.

In the AEL process, deionized water is supplied in liquid form to the cathode.
When an electric potential is applied to the electrodes, this water is cleaved into
hydrogen gas and OH� ions (Eq. (13)). The OH� ions migrate through the electrolyte,
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pass through the diaphragm, and reach the anode, where they are converted to form
water and oxygen (Eq. (14)).

Cathode reaction 2 H2Oþ 2 e�⇌H2 þ 2 OH� (13)

Anode reaction 2 OH�⇌½ O2 þH2Oþ 2 e� (14)

Alkaline electrolyzers typically operate at temperatures between 40 and 90°C, and
pressures between 10 and 30 bar [130, 132]. Their current densities range from 0.13 [32]
to 0.5 A/cm2 [128], with cell voltages ranging from 1.80 [32, 132, 144] to 2.4 V [132, 144].
This results in stack efficiencies of 62 to 82% in modern commercial systems [144, 145].

Alkaline electrolysis is the most mature water electrolysis technology
[132, 141, 144, 146], having reached the industrial scale (TRL 9) for several decades
[126, 133]. Notably, the world’s largest AEL plant, with a capacity of 156 MW, is
situated at the Aswan Reservoir in Egypt. This plant, operating at ambient pressure, can
produce up to 33,000 Nm3/h of hydrogen per hour [132]. This maturity offers notable
benefits. AEL electrolyzers tend to have lower capital costs [126, 136, 141, 144, 147] and
are well suited for large-scale applications [126, 141, 144]. Their durability exceeds that
of other water electrolysis technologies [126, 136, 141, 144]. The use of non-precious
catalysts makes AEL even more attractive [144]. However, AEL also has its drawbacks.
Conventional AEL systems are limited in terms of current densities [130, 136, 144, 146,
147] and operating pressures [144]. Consequently, the dimensions of AEL electrolyzers
are significantly larger than those of PEM electrolyzers of equivalent capacity [133].
Their partial load range is limited [130, 132, 136, 141, 144, 146], and there is a risk of gas
crossover at low loads [144]. This not only compromises the purity of the hydrogen gas
produced but may also raises safety concerns.

2.6.2 Polymer electrolyte membrane water electrolysis

The main components of a PEM cell are shown in Figure 7. A typical PEM cell
comprises a solid polymer electrolyte sandwiched between two electrodes, an anode
and a cathode, both coated with noble metal catalysts. Adjacent to these electrodes are
two porous transport layers, flanked by two bipolar plates [134, 148].

Figure 6.
Schematic representation of an alkaline water electrolysis cell for producing hydrogen adapted from Ref. [12].
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The electrolyte in a PEM cell is a proton-conducting membrane made of porous
polymer materials, often either Nafion™ [134] or fumapem™ [144]. This membrane,
which has a thickness varying between 60 [148] and 200 μm [130], promotes the flow
of current and facilitates transport of water and gas.

Electrodes, with a thickness of about 10 μm [148], are coated directly onto the
membrane, a design aimed at minimizing ohmic resistances [130]. These electrodes
are decorated with noble metal catalysts: typically, iridium for the anode and platinum
for the cathode [144, 149]. The need for rare and costly materials, including platinum,
iridium, and titanium, is a challenge. Their use is necessary, given the resilience to
high potentials at the anode and the corrosive acidic environment due to the proton-
conducting ionomer [150]. Current research aims to achieve higher current densities,
reduce catalyst loading, and minimize the use of rare materials [148].

Surrounding the membrane and electrodes is porous transport layers, measuring
approximately 280 μm thick [151]. The transport layer for the cathode is made of carbon
paper, while that for the anode is made of sintered titanium foam or felt. Firmly attached
to these transport layers are bipolar plates, typically made of titanium [130, 152]. These
plates have engraved flow channels that facilitate the transport of water and hydrogen
gas [132], and ensure a uniform current distribution over the entire surface [152]. For
industrial-scale capacities, multiple electrolysis cells are commonly linked in series to
form a single electrolyzer stack, a practice seen across all electrolysis processes [134].

In PEM, deionized water is supplied in liquid form to the anode side [153, 154],
where the application of an electric potential initiates the oxidation of water to O2 and
protons (Eq. (15)). The byproduct oxygen leaves the system in gaseous form. The
protons travel through the membrane to the cathode, where they combine with
electrons to form hydrogen (Eq. (16)), which is also removed in gaseous form [134].

Anode reaction H2O⇌2 Hþ þ½ O2 þ 2 e� (15)

Cathode reaction 2 Hþ þ 2 e�⇌H2 (16)

Typical operating conditions for PEM cells are temperatures of 20 [130, 132] to
150°C [32] and pressures of up to 200 bar [134]. To date, electrolyzers with pressures

Figure 7.
Schematic representation of a polymer electrolyte membrane water electrolysis cell for producing hydrogen adapted
from Ref. [12].
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greater than 30 bar have only been tested on a small scale [126]. At current densities of
up to 4.0 A/cm2 [32] and cell voltages of 1.4 [32] to 2.2 V [132, 144], the energy
efficiency of PEM stacks is 67–82% [132, 144].

Polymer Electrolyte Membrane electrolysis is well suited for dynamic operation,
seamlessly aligning with the fluctuating availability of electricity generated from
intermittent renewable primary energy sources [146, 155]. In this context, PEM has
several coveted traits: short response, startup, and shutdown times; low degradation;
energy-efficient standby operation; and a wide partial load range, all without
compromising the purity of the hydrogen gas produced [130, 132, 136, 144, 147].
Other merits of PEM include its high current densities, compact system design, and
the ability to operate safely at high pressures, the latter eliminating the need for post-
compression [130, 136, 144, 147].

While PEM systems offer several advantages, they are not without drawbacks. One
concern is their dependence on critical, scarce, and expensive materials, a necessity
due to their corrosive acidic environment [144]. Their lifetime is compromised by
high degradation rates [126, 136, 142]. Financially, they have higher investment costs
compared to AEL systems [126, 136, 142, 144]. However, it is important to highlight
that there is significant potential for cost reduction through economy of scale [136].

Polymer Electrolyte Membrane electrolysis development began in the 1960s [156].
Although PEM is not as frequently used as AEL [132], PEM electrolyzers are now
commercially available (TRL 9) [146]. In 2020, the world’s largest hydrogen produc-
tion plant using PEM technology commenced commercial operation in Québec,
Canada [157]. Powered by four 5 MW electrolyzers, the plant has a total capacity of
20 MW and produces about 3000 t/a of H2 annually. Notably, both the hydrogen
[147] and oxygen [158] produced are of high purity and are used directly without any
further purification.

2.6.3 Solid oxide water electrolysis

In SOEC [44], the anode and cathode are separated by an electrolyte composed
of oxygen-conducting solid oxides or ceramics, such as yttrium-stabilized zirconia
(Figure 8) [144]. This gas-tight electrolyte becomes permeable to O2� ions at high
temperatures [138].

Unlike the other electrolysis technologies, SOEC uses superheated steam instead of
liquid water, which is supplied to the cathode. When an electric potential is applied to
the electrodes, the water is cleaved into hydrogen and O2� ions (Eq. (17)). The
hydrogen produced is then removed from the system. Meanwhile, the O2� ions
migrate through the solid oxide electrolyte membrane to the anode, where they are
oxidized to oxygen (Eq. (18)) [126, 132].

Cathode reaction H2Oþ 2 e�⇌H2 þO2� (17)

Anode reaction 2 O2�⇌½ O2 þ 2 e� (18)

In SOEC stacks, operating temperatures range from 600°C [126, 159] to 1000°C
[32, 130, 132, 143], markedly higher than those applied in other electrolyzer types
[160–163]. Unlike other processes that use liquid water, SOEC uses steam, a feature
that contributes to high efficiencies that can exceed 80% [32]. In terms of perfor-
mance, the system typically operates at current densities range between 0.3 [32, 138,
141] and 2.0 A/cm2 [138, 141], resulting in cell voltages of 0.7–1.5 V [138].

42

Supply Chain – Perspectives and Applications



Solid oxide electrolysis cell is at an early development stage and has yet to be
adopted by the industry [138–140]. Extensive research is needed to make the transi-
tion to industrial application, particularly in developing cost-effective, durable, and
heat-resistant ceramic materials [126, 132, 136], achieving higher current densities
[136], and reducing investment costs [136, 146].

Solid oxide electrolysis cell is emerging as a technology with significant potential
for the future [144]. One of its major advantages is the use of steam instead of liquid
water, which results in significantly lower operating potentials [132, 135, 136, 146].
This choice affects two thermodynamic properties. First, as the process temperature
increases, the thermal component of the reaction enthalpy ΔH0

R (as seen in Eq. (8))
also increases. Conversely, the energy required for electrochemical water cleavage,
represented by ΔG0

R (see Eq. (9)), decreases substantially. This improved efficiency
stems from the fact that the use of steam eliminates the energy otherwise required for
the phase change during electrolysis [132]. Interestingly, under certain conditions,
where steam is supplied at extremely high temperatures, the efficiency can theoreti-
cally surpass 100% [144]. Overall thermal efficiency can also benefit from the use of
waste heat sources, such as otherwise unused excess heat from nearby industrial
facilities [126, 132, 146].

Another advantage of SOEC is its flexibility: Many solid oxide cells can function as
either electrolytic cells or fuel cells [126], meaning that they can also use hydrogen as a
fuel to generate electricity. This duality allows plant operators to store surplus energy
for times when demand exceeds supply [18]. With its ability to buffer fluctuations in
power supply and the resulting increase in plant operating hours, SOEC is attractive
when combined with renewable power generation technologies [135]. However, in
order to respond quickly to load changes, the cell must maintain a consistently high

Figure 8.
Schematic comparison of a solid oxide electrolysis cell for generating hydrogen adapted from Ref. [12].
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temperature due to its long cold start time. Therefore, a continuous and readily
available source of (excess) heat is critical.

3. Sustainable supply chains for carbon dioxide

In the evolving narrative of global sustainability, carbon dioxide (CO2) plays a
central role, not only as an environmental concern, but also as a valuable resource. As
industries move to utilize CO2 in various applications, the focus is now on creating
sustainable supply chains dedicated to its management and utilization. These supply
chains must holistically address the capture, transportation, storage, and end-use of
CO2, ensuring that each step is optimized for environmental and economic viability.
As we enter this arena, we will take a deep dive into understanding the intricacies and
imperatives of building and maintaining a sustainable carbon supply chain, setting the
stage for a future where carbon management is seamlessly integrated into our indus-
trial fabric.

3.1 Carbon capture

Three technologies are used primarily for CO2 capture: pre-combustion, oxyfuel
combustion, and post-combustion [164, 165]:

• Pre-combustion: In this upstream process, the carbon in the fuel is converted to
CO2 prior to combustion. The CO2 is then captured using techniques such as
physicochemical absorption in aqueous amine scrubbing solutions, or physical
absorption with solvents such as polyethylene glycol dimethyl ether (Selexol™)
and cold methanol (Rectisol™) [166, 167].

• Oxyfuel combustion: This industrial-scale combustion method uses pure oxygen
for combustion. This results in a CO2-enriched flue gas stream, facilitating CO2

sequestration.

• Post-combustion: Here, CO2 is captured from the post-combustion flue gas stream
in a downstream process. Technologies used for CO2 capture include absorption
by Monoethanolamine (MEA), adsorption on solid sorbents, cryogenic
separation, and pressure swing adsorption [165, 168].

In the context of SMR, pre-combustion CO2 capture from the shifted syngas by
chemical absorption with aqueous Methyldiethanolamine (MDEA) is recognized as
the standard practice [44]. This preference is largely due to the high partial pressure
of CO2 in the syngas stream (16 vol.% CO2 at 25 bar) at this stage of the process [169].
Capturing CO2 from the tail gas has often been viewed as less economically viable due
to the lower CO2 partial pressure (51 vol.% at 2 bar) [169], but remains an area of
research [23]. For the post-combustion stages, CO2 capture from the flue gas stream,
which contains 21 vol.% CO2 at 1 bar [169], is primarily accomplished by chemical
absorption, typically using MEA scrubbing [170–172].

In the CO2 absorption process, the gas stream is contacted with a solvent, com-
monly aqueous MEA or MDEA, in an absorption column [44]. This step effectively
extracts CO2 from the gas stream. Once saturated with CO2, the solvent is regenerated
by heating it in a stripper unit, releasing the CO2 for subsequent use. A continuous
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solvent make-up stream is required to compensate for evaporation losses and
degradation [171].

The efficiency of CO2 capture varies, ranging from 53 to 95%. While it is techni-
cally possible to capture a larger fraction of the CO2, this requires greater energy
consumption [170–173]. Integrating carbon capture technologies into SMR plants
results in a 5–14% reduction in their efficiency [168]. Often, the site where CO2 is
captured is spatially separated from the site where the CO2 is used (CCU) or stored
(CCS). Therefore, CCUS strategies involve require not only CO2 capture, but also the
transportation of CO2—whether by pipeline, ship, or other means—to its intended
destination. This often requires significant investment to develop the appropriate
transportation infrastructure [173].

3.2 Carbon dioxide transport

To achieve a transport density that is both technically manageable and economi-
cally feasible, carbon dioxide (CO2) may need to be compressed, liquefied, or solidi-
fied. Some key properties of CO2 include its condensation at 57.28 bar at ambient
temperature (20°C) [174], a critical point at 31.04°C and 73.83 bar [174], and its
freezing point at �78.46°C at standard pressure (1 bar) [174]. CO2 can be transported
in various forms, including as a compressed gas, in liquid or supercritical state or even
in its solid form [175, 176].

• Compressed state: Pipelines, due to their energy and economic efficiency, are
commonly preferred for transporting large quantities of CO2 over long distances
[175, 177]. Maintaining a high density of CO2 is critical for economical transport,
which in turn minimizes the energy required for compression along the transport
route [177, 178].

• Liquid and supercritical state: CO2 can be easily liquefied, although this requires a
significant energy input of 0.11 kWh/kg CO2 [179]. Supercritical CO2, which
combines the density of a liquid with the low viscosity of a gas [180], is especially
suitable for transportation [176, 178]. To ensure that CO2 remains in this
supercritical state [181, 182], pipelines typically operate at temperatures between
13 and 44°C and pressures between 85 and 150 bar [183–185].

• Solid state (dry ice): CO2 can be converted to “dry ice,” its solid form. This option
requires substantial energy to cool the CO2 to temperatures below �78.0°C [174].
Because dry ice sublimes continuously, even in well-insulated containers, it is
typically produced on demand.

Ultimately, the optimal method of transporting CO2 depends on factors such as
distance, quantity, and the infrastructure available.

3.3 Carbon dioxide storage

Physical storage of CO2 in salt caverns is suitable for temporary storage of large
quantities [168]. For longer-term storage, especially in the context of CCS, CO2 must
be injected into suitable geological formations [11]. These include aquifers, depleted
oil and gas reservoirs, and coal seams [186]. Typically, CO2 is compressed and injected
under supercritical conditions into these geological formations [170]. One notable
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monitoring project took place in the Williston Basin, a geological formation in Canada
and the US. As part of the International Energy Agency Greenhouse Gas (IEAGHG)
research program from 2000 to 2012, this study found no evidence of CO2 leakage
from the geologic storage site [187]. Estimates of annual leakage rates vary, ranging
from 0.00001 to 1%, based primarily on the permeability of the rock formation [165].
Over time in the geological reservoirs, CO2 undergoes chemical transformation with
the adjacent rock formations [188, 189]. Silicates, for example, in the reservoir slowly
react with CO2 to form carbonates and silica, as exemplified by Eq. (19).

Mg,Mn, Feð Þ2 SiO4½ � þ 2 CO2 ! 2 Mg,Mn, Feð Þ CO3½ � þ SiO2 (19)

To meet the Paris Agreement’s goal of limiting global warming to 1.5°C [190], the
amount of CO2 that must be sequestered through CCS varies across different scenarios
[191]. On a global scale, projections for annual CO2 capture in the twenty-first century
range widely, from none at all to over 1200 Gt/a per year [191]. Within Europe, the
expected capture could reach up to 300 million t/a annually by 2050 [191].

The estimated global storage capacity for CO2 spans from 3900 to 55,000 Gt of
CO2 [191, 192]. However, it should be noted that potential hazards associated with
storage could lead to social or regulatory restrictions. After accounting for such con-
straints, Europe’s CO2 storage capacity is estimated at 134 Gt of CO2 [193], which
would last for about 400 years based on current emission rates [11].

The first CCS plant was commissioned in the US in 1972 as part of an Enhanced Oil
Recovery (EOR) project [194]. EOR involves the injection of gaseous CO2 into mature
oil reservoirs. The dissolution of CO2 in the oil reduces the oil’s viscosity and interfa-
cial tension, causing it to swell and restore the declining oil production rates [194].
Turning to Europe, the Sleipner oil field in Norway is home to the first permanent,
dedicated CO2 storage facility and has been in operation since 1996 [11]. Globally,
there are now 26 commercial CCS facilities in operation, with a combined annual CO2

capture of 40 million t/a [194]. Of these, six facilities are designed for dedicated
geological storage, while the other 20 facilities use the CO2 for EOR or Enhanced Gas
Recovery (EGR) as a revenue-generating mechanism [194]. In addition, 34 pilot and
demonstration facilities are either operational or in the development phase [194].
Given the maturity of the technologies involved throughout the value chain, the
SMR-CCS approach is considered to be verified at an industrial scale, achieving a
TRL of 8-9 [11].

3.4 Physical utilization of carbon dioxide

There are many possibilities for the industrial use of CO2. In general, CO2 can
either be used directly in its physical form or it can be chemically converted into
value-added products. Direct utilization technologies take advantage of the unique
physicochemical properties of CO2. At ambient conditions, CO2 is an inert, non-
flammable, and non-toxic gas.

Several applications make use of gaseous CO2. For instance, it is used in fire
extinguishers [174, 195] and acts as an economical shielding gas in arc welding
[195, 196]. It also plays a role in food preservation [2, 174].

Carbon dioxide (CO2) is readily soluble in a variety of liquids, including water.
When dissolved in water, CO2 forms carbonic acid. This reaction is harnessed by the
beverage industry to produce carbonated beverages, such as soda and sparkling water
[174]. The formation of carbonic acid plays a role in adjusting the pH of aqueous
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solutions applications in several industries [180], including the production of hydro-
gen peroxide by the reaction of hydrogen and oxygen [197, 198], bleaching in the
textile and paper industries [199], and the treatment of alkaline wastewaters [200].

An intriguing characteristic of CO2 near the critical point is its responsiveness to
small changes in temperature and pressure. These small changes significantly alter the
properties of CO2, including its density, viscosity, miscibility and solubilizing power,
and polarity. As a result, CO2 is advantageous for tweaking the properties of switch-
able solvents, surfactants, and other materials. This adaptability promotes energy-
efficient separation processes [201].

Its supercritical point at 31.1°C and 73.8 bar allows CO2 to become supercritical
under mild conditions [174]. Supercritical CO2 is widely used across industries, acting
as a reaction medium for catalysis [202], extractant in coffee decaffeination [203],
and aiding the textile industry in dyeing and impregnating [204] fibers and polymers
[205]. Its role also extends to other industrial processes, including dispersion poly-
merization [206, 207], fractionation, and powder polymer formation [208, 209]. One
of its outstanding properties is its low heat of vaporization, which makes it an easily
recoverable solvent, and suggests its potential as a substitute for other more harmful
solvents [210]. In the context of sustainability, supercritical CO2 stands out as an
environmentally friendly substitute for more harmful and hazardous refrigerants,
especially in refrigeration cycles [211].

In its solid form, CO2 is known and marketed as dry ice, available in compressed
blocks or pellets. Notably, below its triple point of �56.57°C and 5.18 bar [174], CO2

sublimates, transitioning directly from its solid to its gaseous state without becoming a
liquid. This property makes dry ice an attractive, residue-free, non-toxic, and light-
weight refrigerant, commonly used in applications such as food preservation [195].

It is important to underscore that the physical applications of CO2 do not result in
its permanent removal from the atmospheric carbon cycle [3]. Instead, the captured
CO2 is emitted back into the atmosphere shortly after its use. As a result, its role in
mitigating climate change is marginal [212].

3.5 Chemical utilization of hydrogen and carbon dioxide

Chemical utilization of CO2 [213] provides a pathway [195] to transform the
captured CO2 into value-added products [2, 214], either integrating them into
anthropogenic carbon cycles [3] or permanently removing the carbon [215]. Due to
CO2 being the most oxidized form with carbon in oxidation state +IV, it possesses a
low-energy level making it thermodynamically stable [3]. This means CO2 does easily
engage in chemical conversions at low temperatures, given its inherent stability [216].
To promote chemical reactions involving CO2 one of the following strategies is gener-
ally employed [2, 213, 217]:

1.Using energy-rich co-reactants such as hydrogen and epoxides.

2.Applying external energy sources, whether electrical, thermal, radiant, or other
forms.

3.Adjusting variables like reaction temperatures, concentrations, and pressures to
sway the chemical equilibrium, based on the Le Chatelier principle.

4.Aiming for low-energy target products.
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Using an appropriate catalyst for CO2 conversion can introduce alternative reac-
tion pathways with a lower activation energy, accelerating the reaction rate and
improving selectivities [218]. Reactions for converting CO2 comprise redox reactions
and carbonylation and carboxylation reactions [213]. This chapter will not delve
further into the latter as they do not involve the use of hydrogen.

Catalytic hydrogenation, which employs hydrogen (H2) as the reducing agent, is
the predominant method for providing the energy required for CO2 reduction [219].
CO2 hydrogenation gives access to value-added products [124], with methane [220],
methanol [221], formic acid [222], carbon monoxide [223], and syngas [224] being the
primary focus of current research. These products are promising because they serve as
important platform chemicals. Currently, their large-scale production in the chemical
industry is energy intensive and results in significant GHG emissions. Their climate-
friendly production (see, e.g., [225]) could significantly mitigate global warming
[41, 226].

The integration of these novel chemical processes into the chemical industry
could occur seamlessly at an early stage of the value chains without requiring signifi-
cant changes to the existing downstream production chains. Hence, CO2 hydrogena-
tion holds the promise not only to utilize vast quantities of CO2 as a renewable carbon
source, but also to position H2 as a key feedstock for manufacturing high-demand
platform chemicals. This could further amplify the already significant demand for H2

in the (petro)chemical sector. Nevertheless, for these hydrogenation-based CO2 utili-
zation techniques to reach their full environmental potential, an environmentally
sound supply of both CO2 and H2 is essential [226, 227].

Chemical CO2 utilization technologies represent a promising avenue, not only
for utilizing CO2 captured from flue gases that would otherwise be released to the
atmosphere, but also as a means to transition away from fossil carbon-based,
energy-intensive feedstocks [2, 228]. As such, CCU technologies have the potential to
reduce the industry’s impact on fossil resource depletion and global warming
[212, 216].

However, it is important to recognize that the CO2 used in these methods
will eventually be released once the product’s lifetime concludes. While this
temporary carbon storage does not avoid the resulting climate change impacts,
delaying its release may still bear environmental benefits [229]. Notably,
contemporary assessment methods do not account for such temporary CO2 storage
[230], and there is ongoing discussion about accounting for it [213]. One possible
solution is to assess time-corrected global warming potentials [230, 231]. Current
guidelines suggest reporting the amount and duration of stored carbon independently
[232, 233]. Ultimately, anthropogenic carbon cycles [3] need to be established
(Figure 9).

Evaluating the environmental impact of CCU technologies presents unique chal-
lenges. One primary concern is the inherently temporary nature of CO2 storage.
Incorporating CCU technologies into existing production chains often leads to
multifunctional systems producing multiple valuable products. While methods exist
to account for these coproducts in life cycle assessments, meticulous attention is
essential when setting the system boundaries and the functional unit [44]. This
becomes especially pertinent in studies comparing alternative technologies for a sin-
gular product. The multitude of potential uses for captured CO2 complicates the
selection of a specific product or a technology. Emphasis should be on those technol-
ogies that promise longer storage durations of captured CO2, aiming for its permanent
removal from the atmospheric carbon cycle [3].
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4. Conclusions

In summary, we have navigated the intricate landscape of CO2 utilization in its
varied forms—gaseous, supercritical, and solid. We have explored its diverse applica-
tions spanning several industries and the potential of CO2 as an indispensable element
in the modern industrial ecosystem. Direct utilization, while beneficial in specific
contexts, merely offers a transitory solution to the broader challenges of atmospheric
CO2 accumulation. In contrast, the chemical utilization of CO2, despite its challenges,
presents a more sustainable and promising avenue. These processes, while thermody-
namically demanding, require specific reactants and often confront complexities in
life cycle assessments, especially when integrated into current production chains. The
widespread adoption and scaling of CO2 utilization technologies will undoubtedly
have profound implications for global supply chains. As these technologies become
more integrated into industries, several shifts can be foreseen:

• Focus on sustainability:With a heightened emphasis on CO2 utilization, supply
chains will evolve to become more sustainable, significantly reducing the carbon
footprint associated with manufacturing and distribution.

• Demand for new reactants: An increased demand for co-reactants, most notably
hydrogen, will stimulate the growth of related industries, consequently reshaping
supply chain dynamics.

• Hydrogen supply chain: As CO2 hydrogenation processes become more prevalent,
the importance of a robust and sustainable hydrogen supply chain becomes
paramount. This implies sourcing hydrogen from green methods, efficient
storage, and transportation solutions, and ensuring that the hydrogen
infrastructure is equipped to handle the increased demand.

Figure 9.
Anthropogenic carbon cycles, adapted from Ref. [3].
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• Integration: Incorporating CCU technologies into existing supply chains will pose
require thorough integration, especially when processes yield multiple products.

• Temporary CO2 storage:While CO2 utilization offers a brief reprieve, it does
extend a valuable timeframe in our battle against climate change. The integration
of these processes into supply chains for carbon-based industrial feedstock is a
pivotal consideration.

In the future, supply chains will need to be more resilient and adaptive. As CO2

utilization technologies advance, industries must brace for a shift toward environ-
mentally conscious and sustainable production methods. The path is laden with chal-
lenges, but with collective efforts, technological breakthroughs, and a steadfast
commitment to sustainability, global supply chains stand poised to lead the way in our
fight against climate change.
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Chapter 3

Improvement of Validated
Manufacturing Processes with
Fuzzy Logic
Marisol Hernández-Hernández, Luis Alfonso Bonilla Cruz
and Lizbeth Cobián-Romero

Abstract

SMEs are essential entities for the economy of countries, so they need to imple-
ment strategies to maintain and achieve economic stability. Technology is a great
support tool to achieve this. Still, entrepreneurs, generally acting empirically, need to
determine which technology to select, how to do it, and its scope of implementation.
Fuzzy logic is a technology adapted to human linguistic thinking, which served as a
methodology in this case study to measure the degree of behavior given by the
implementation of software and hardware in a company. The result of the research
validated the benefits that the gradual implementation of the technology presented to
the company in terms of utility, time, and quantity of production, which were related
in degrees of uncertainty with variables that were labeled as “high,” “medium,” and
“low.” The established membership was validated through fuzzy graphs, showing the
company’s status, and adjusted with the appropriateness of the technology until
profits were placed within the “high” range. Thus, fuzzy logic is a tool that helps
measure variables in degrees of belonging, with words used by business people to
make it more understandable. Furthermore, the data coding in fuzzy terms showed
the prediction of the behavior of the variables adjusted with technological processes.

Keywords: manufacturing, fuzzy logic, methodology, process evaluation, SMEs

1. Introduction

Manufacturing processes in the manufacturing industry differ from other sectors
by their materials, their machinery, and how they carry out operations. In general, a
process can be defined as the change of properties of an object, ranging from geome-
try, hardness, state, and content in the form of information data [1]. In the
manufacturing industry, this definition applies perfectly.

The manufacturing industry is a vital sector for the countries’ economy and can be
of different sizes: large, medium, and trim. In this context, small and medium-sized
enterprises (SMEs) comprise a large percentage of all companies; Mexico has 4.9
million economic establishments, of which 98.8% are SMEs and generate 27 million
jobs [2]. Other sources state that SMEs comprise 99.80% of the entire business fabric
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and generate 70% of employment. In addition, they contribute 50% of the Gross
Domestic Product (GDP) [3], measure that expresses the monetary value of the pro-
duction of goods and services demanded by a country or region during a given period.

In Latin America and the Caribbean, SMEs generate formal productive employment
for 60% of workers, making up 99.5% of companies [4]. In the world, SMEs represent
approximately 90% of companies, generating more than 50% of employment and 40%
of GDP, according to the World Bank SME Finance [5]. In addition, the OECD deter-
mined that SMEs represent 60% of employment and between 50 and 60% of added
value, which is why they are considered drivers of productivity in many regions [6].

In the background of the benefits of the companies, the PYMES are an essential
part of a country’s economy. However, not all of them can survive the daily problems
generated by the mismanagement of their processes, the inexperience of business
people, and the nonexistence or poor adaptation of technology to support their busi-
nesses, is what can lead to the reduction of their profits, and to reaffirm this assertion
[7], affirm that SMEs do not have practical management skills and have limited
education and training of their workforce, so this type of problem often means that
their life potential does not increase.

As a proposed solution to the above, innovation has created many types of technolo-
gies that would help increase their profits. Still, unfortunately, entrepreneurs do not know
how to implement them since, by tradition, SMEs are made up of people who have acted
empirically in the administration since their ancestors started them in a rustic or experi-
mental way and without theoretical foundation and consequently, they are unaware of
the benefits that it could give them and although the effects of technology on organiza-
tions and productivity in companies have not been analyzed for several years [8], it is
time to return to them, mainly to explore the benefits of emerging technologies.

Manufacturing is one of our environment’s leading small and medium-sized com-
panies. Only in Mexico in the fourth quarter of 2022, the population employed in these
was 9.59 million, registering a gross domestic product of 5.51 billion pesos. If you look
further back, in 2019, there were a total of 579,828 economic units in Manufacturing
Industries, according to the website of the Government of Mexico [9]; this was the
reason to focus this study on them and thus implement improvement strategies in
their processes so that they continue to exist and progress.

For SMEs to achieve stability and growth, their problems are detected to generate
new ideas to improve their manufacturing processes; this is taking into account that
five-sixths of the world population, equivalent to 6 billion people, live in emerging
countries and better products are required [10]; Therefore, it is necessary to improve
the quality of processes and their products, to satisfy consumers and, consequently,
improve the productive life of companies.

The productive processes have been studied for their improvement, implementing
several techniques. Favela-Herrera et al. [11], created a lean manufacturing model as
an alternative to increase productivity and develop manufacturing skills, where the
results were observed mainly in the increase in operational performance that reduced
production costs, but this was only in theory.

In other contexts, Chinese manufacturing companies have opted for technological
innovation strategies in the manufacturing industry, strengthening official industry-
university-research-customer cooperation and taking advantage of the Industry 4.0
era [12]. This idea should be used in other countries, starting with Universities, since
they can be great allies of companies and become business advisors. Even so, while
that happens, it is necessary to propose solutions to ensure that SMEs continue to
generate economic benefits for countries.
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Regarding the evolution of industries, in recent years, they have met various
requirements that satisfy the market’s growing demands, so they must constantly
evolve, trying to have innovation, greater productivity, and lower losses. For this,
industrial researchers have been attempting to implement technology in manufactur-
ing, where innovation requirements must cover logistics and administration aspects
that encompass the production, supply, and distribution of materials used for
manufacturing [13, 14]. However, it is essential to add methods to measure the results
of this implementation and thus know if these changes are positive for companies and
to what extent, as well as demonstrate to other companies that they can replicate the
methodology with the confidence they already have.

The productive processes of a company were automated, attending to the strategies
generated from an analysis based on fuzzy cognitive maps, from which the “conse-
quents” generated from problems used as “background”were taken. A “case study”was
carried out to analyze the benefits of innovation, review the results, and adjust the
changes that technology made in the company, considering that everything can
improve more and more, but being able to predict the best behavior from the study of
the company in such a way that the change benefits the employer and its employees.

The study was achieved by analyzing the evolutionary process of the company, for
which it was necessary to continuously adjust the changes, which make companies
more mature and competitive; Socconini Luis [15] suggests that the adjustments made
to companies should be corrective, prevention, improvement and innovation actions
and, with this idea, an investigation proposing fuzzy models as a methodology, this to
measure the results, in variables that can be adjusted as required by the innovation
process.

A study was made of a family business with 20 workers, making it a small business.
In this type of company, the leaders fulfill multiple complex functions that include the
control of the company, although they still need a vision of the perspective of long-term
growth. Instead, they see it as self-employment [16]. However, this idea is correct
because this job earns money to live; it differs from what is required for its growth.

In the study company, the leaders need a comprehensive vision of growth and less
of how to include technology since they need to see the antecedents and consequences
to make decisions about its implementation. So, based on already established strate-
gies, technology was implemented in the company to meet the most urgent needs and
thus measure the benefit in terms of three selected study variables: production, time,
and profits, which are essential for the company’s growth.

With these parameters, diffuse linguistic variables were established by low,
medium, and high categories related to the study variables and modeled under the
fuzzy logic scheme. Results were obtained that show the benefit that technology gave
to the company, which at the end of the study was reflected in high terms in company
profits, low in production and management time, and high in terms of quantities
produced.

With this study, it was possible to appreciate that with the fuzzy methodology, the
company’s behavior can be measured in terms of human language and adjust variables
with the implementation of technology and forecast results.

2. Background

Fuzzy logic is a theory given by Lofti Zadeh in 1965, which is based on sets that
have degrees of membership in them and are encoded in unitary intervals; that is, they
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have a membership function whose values are compatible with those sets in degrees of
membership from 0 to 1. [17], mentions that this theory differs from classical logic, in
that the data are complex, that is, a data has membership in a set, “all or nothing.”

Classical logic is based on sets where their inclusion is resolved in degrees of “true
or false,” 0 or 1, all or nothing; unlike fuzzy logic, where a piece of data is part of a set
to a certain extent, to a greater degree (0), sometimes to a medium degree (0.5) or can
increase or decrease its vagueness, it can even be empty.

Classical logic has solved many problems, but it is necessary to solve those in which
the membership of the data in a set is uncertain or, more specifically, in which they
may belong to that set to a greater or lesser extent. To categorize elements into small
or large with complex data, it would be said drastically and according to an established
criterion, what is less or significant; However, how much do they cost? Who are they
compared to? How small or big are they?; For example, if the number of employees of
a company is measured and it is established that to be a “microenterprise” it must
have 10 employees and to be “small” it must have more than 10, then a company with
13 employees, how small or what? Is it so big?

Most of the logic of human reasoning is not the classical logic of two values or even
of several values rather, it is a logic of fuzzy truths, of fuzzy conjunctions, of fuzzy
rules of deduction [18]. Fuzzy information locates its elements in degrees of belonging
to one set or another, which means that in linguistic terms, not everything is genuine
and not everything is false; that is, with this fuzzy logic, if a company has 13
employees, then it belongs to a certain degree to the small ones, although it is also part
of the microenterprises to a greater degree, this example is shown analogically in
Table 1.

Fuzzy logic manages the vagueness of the sets according to their degree of mem-
bership; for example, people would be classified into wide and thin. The thin mem-
bership set is translated linguistically with If-Then-Else statements. This technique
has also been applied in various contexts, both electronic and in other sectors belong-
ing to the social or health sciences. There are three fuzzy inference classification
systems (FIS), which are Mamdani FIS, TSK/Sugeno FIS, and Tsukamoto FIS, and
they have variations.

Ebrahim Mamdani’s algorithm, proposed in 1974, maintains the “IF-THEN” rules
given by linguistic expressions. Hence, its rule is “IF X is A THEN Y is B. Mamdani
systems are made up of IF-THEN rules of the form “IF X is in A THEN Y is in B,“ such
as “IF THE PRESSURE is HIGH THEN THE VOLUME is LOW.“ In these rules, the IF
part “X is in A” is called the antecedent of the rule, and the THEN “Y are in B” part is
called the consequent of the rule [19].

Rout et al. [20] describe the fuzzy inference model presented by Takagi, Sugeno,
and Kang, called Sugeno and abbreviated TSK; it is based on three components: the rule
base, the database, and the reasoning mechanism and its rules consist of antecedents
and consequents that are stated “If A is antecedent then B is consequent, with a function

Microenterprises

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Small companies

Source: prepared by the authors.

Table 1.
Example of the location of companies with fuzzy logic.
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that defines the degree of membership of an object and its rule is represented with a
polynomial of the form: If there are two inputs “x” and “y,” the output polynomial will
have the form z = px + qy + r and its rule is If x is A and B then z = f(x,y).

Suharjito and Yulyanto [21], describe the Tsukamoto FIS model presented in 1979;
it is little known and therefore little used; it is a decision-making method with
monotonic reasoning rules, that is, they are systems with a single rule of the form
“Cause and Effect” or “Input-Output” implication in which the antecedent and
consequence have to be correlated and uses the “centered average method.” An
example of this model can be written as follows:

• If X is small then Y is C1

• If X is medium then Y is C2

• If X is big then Y is C3

As proposed, and based on the IF-Then denominator, fuzzy logic is a way of
getting closer to human language since it handles vagueness in terms of words; the
numbers are denoted in linguistic variables. Fuzzy data of some entities, for example,
Table 2, shows the complex, imprecise data and their linguistic variables of the
temperature of the day.

Another way of using fuzzy logic is through fuzzy cognitive maps (FCM),
represented in a cognitive digraph that describes the behavior of a physical system in
terms of nodes and edges that connect them and where each node of the graph is a
fuzzy set described by variables, objects or entities of a system [22].

The FCM are oriented graphs, where a set of nodes represents notations in sym-
bolic form and causal relationships in the form of weighted connections and, for the
most part, the nodes are objects described by states or conditions, and the connections
are actions or transfers functions, that transform a state in one node to another in
another node; likewise, the FCM can be considered as a set of rules, where the input
nodes are interconnected with the output ones and whose value corresponds to the
consequent rule, and that data You can be represented in a knowledge matrix so that
they are trained to obtain new values, all of this represented FCM as seen in Figure 1.

Fuzzy logic has been used in multiple areas with multiple benefits for humanity. In
the field of health, the help of this logic is shown by reducing the complexity of
calculating the degree of similarity that may exist between diabetic patients who
require different follow-up plans and proposing fuzzy decision trees that help the
accuracy of this classification and thus improve the recovery step of case-based rea-
soning [24]. In addition, Fuzzy Logic has been used in contemporary designs by

Hard value (classical logic) Fuzzy value Linguistic variable

1 1.0 Very hot

0 0.8 Hot

0 0.6 Warm

0 0.0 Very cold

Source: prepared by the authors.

Table 2.
Fuzzy values.
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companies such as Eaton Industrial Controls, Motorola, NCR, Intel, Rockwell, Togai,
and Nasa Gensym, among others, that use linear and nonlinear control, data analysis,
pattern recognition, operations research, and financial systems [25].

The representation of the FCM has been done as shown in Figure 2, where a
hybrid FCM is displayed to make time series forecasts, where it is observed that the
input nodes are connected to a black box that improves the prediction rate and
corrects the outputs and produces a better degree of confidence, based on
metaheuristics.

In chemical processes, they have also been applied [27] to regulate the 3-valve
liquid mixtures and thus obtain the best.

Figure 1.
Fuzzy cognitive map. Source [23].

Figure 2.
Hybrid classifier based on FCM type 1. Source [26].
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In other contexts, fuzzy logic has also been very beneficial for decision-making,
applying it in social, governmental, or production fields through FCM. In social areas,
FCMs have been used to analyze and solve problems related to the prediction of the
socioeconomic consequences of privatization at the company level, where the opin-
ions and expectations of the employees of the Nevşehir Alcoholic Beverage Factory of
the General Directorate of Tekel, with the highest capacity in the Turkish distilled
alcoholic beverages sector, in “If-Then” scenarios, to make predictions of variable
interactions [28].

In this same vein, the FCM was also applied in case studies involving a complex
phenomenon of poverty eradication and socioeconomic development strategies in
rural areas under the DAY-NRLM (Deendayal Antyodaya Yojana-National Rural
Livelihoods Mission) in India to be able to help policymakers to obtain precise results
from proposed policies that address social resilience and sustainable socioeconomic
development strategies [29].

3. Methodology

The project was implemented in a manufacturing company, and based on its
problems analyzed through FCM, strategies were obtained that were implemented
and adjusted to investigate their causes and effects. The description of the company
and its issues are mentioned below to serve as a basis for the fuzzy analysis that was
carried out.

3.1 Analysis

The Protexjd company is a company with 2 years of life, which belongs to the
SMEs category, its business activity is the manufacture of uniforms for other compa-
nies, it currently has 20 workers, and its problems are basically with administration
and production, the same which are mentioned subsequently:

1.There is no record of monitoring inputs, outputs, and processes of the
manufactured materials and garments.

2.The staff makes manufacturing errors because they need to remember what is
explained to them regarding product preparation.

3.The characteristics of the garments are not stored, so you have to start by
explaining their manufacture each time a garment arrives, even if it has already
been done.

4.They do not have production monitoring to know how the production processes
are going.

5.Lack of uniformity in staff training.

6.Perceptions must be checked, so they must know the money flow.

An FCM was structured for the company to obtain possible implementation strat-
egies, obtaining the one shown in Figure 3.

75

Improvement of Validated Manufacturing Processes with Fuzzy Logic
DOI: http://dx.doi.org/10.5772/intechopen.113302



After establishing the FCM, the causes and effects were analyzed, determining the
following strategies so that the company can give a better performance.

If the technology is increased, then:

• Perceptions increase.

• Production and management time is reduced.

• The time of the inventory management process is reduced.

• The repository of competencies and specifications is expanded.

• Reduction of losses.

• Production monitoring is increased.

• Profits are increased.

From the strategies, the items that would serve as solution factors were deter-
mined, establishing as solution variables: Production time, management time, pro-
duction profits, and management profits, which gave rise to the other base variables,
which are essential to be able to analyze and forecast established benefits, as described
in Table 3, which makes a relationship between strategies and solution items with
fuzzy variables:

Figure 3.
FCM of a manufacturing company. Source: [30].
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3.2 Design

Based on the data in Table 3 and by the FCM in Figure 3, the degree of belonging
to each set was determined, as observed in Table 4, where values were assigned to the
linguistic variables to have parameters of measurement in the evaluation and forecasts
of the operation of the company.

To know if the above is being handled properly and to determine forecasts for the
use of technology, an analysis was made applying the fuzzy theory, precisely the
Mandamni technique, which consists of having an antecedent and a consequent that is
specified in the function:

If a is A1 and b is B1 then c is C1.
If a is A2 and b is B2 then c is C2.
Subsequently, the data in Table 3 were coded in Python, where the low, medium,

and high values were established in production, time, and profit, which can be seen in
Figure 4a–c, respectively. All this is according to the data given by the employer.

Afterward, the fuzzy rules based on Mandamni, shown in Figure 5, were applied
to determine the base behavior of the variables. In the figure, it can be seen that the
antecedent in rule 1 is “low production,” “high time,” and they have a consequence of
“low profits”; in rule 2, “high production” and “low time” are antecedents of “high
profits” which is consequent; and finally, rule 3, “average production” and “average
time,” produce “average profits.”

Fuzzy value Production Management time Utilities

With technology 1.0 High Low High

0.7 Half Half Half

0.3 Low High Low

Source: prepared by the authors.

Table 3.
Relationship of fuzzy values with solution strategies in linguistic terms.

Item Amount Linguistic variable

Products 0–150 Low

100–220 Half

180–400 High

Time 0–3 Low

2–4 Half

3–6 High

utilities 0–2000 (Mexican pesos) Low

1800–8000 (Mexican pesos) Half

4500–14,500 (Mexican pesos) High

Source: prepared by the authors.

Table 4.
Linguistic variables of the system.
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After applying the rules, the analysis reflected that with the technology in the
company, the production levels are “low,” and consequently, its profits as well, and
obviously, the production and management time was categorized as “high.” The chart
in Figure 6 shows that the initial profit level was about 1500 in 6 days, which gives a
membership of 1.0, which is low.

Figure 4.
Fuzzy representation of the linguistic data of (a) production, (b) time, and (c) utilities. Source: Prepared by the authors.
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Figure 5.
Fuzzy system rules. Source: Prepared by the authors.

Figure 6.
Fuzzy graph generated at the beginning of the company analysis. Source: Prepared by the authors.

Figure 7.
Fuzzy graph resulting from the implementation of computerized machines. Source: Prepared by the authors.
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With this panorama of data and to verify the innovation forecasts in the company,
technology based on embedded systems was added, which consisted of the insertion
of two intelligent sewing machines to improve profits to 4900, see Figure 7.

Finally, technology based on production management systems was added, which
controls the flow of products, orders, and deliveries. The design shows the basic
operations of insertion and consultation of the products, which are added to the
products that enter the company (see Figure 8a). In addition, the system shows the

Figure 8.
Management information system. (a) Insertion of products (b) inputs and outputs of products (c) processes.
Source: Prepared by the authors.
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production orders along with their control data, which allows the current number of
garments to be reflected and displays the result of the arithmetic operation of the
inputs and outputs of products (see Figure 8b); in addition, the numbers that are
stored in the product deliveries section are those that are displayed as final products to
update the number of garments that remain to be delivered (see Figure 8c). This
information system is essential for monitoring production management.

With this latest technology, the profits increased to 10,550 pesos in 6 days, as
shown in Figure 9, which is marked with the black line, where you can see that the
membership was approximately 0.7.

4. Results

The company’s technology benefits are summarized in Table 5, which shows the
state of the profits.

Table 5 shows the fuzzy logic analysis forecast, which suggests that the more
significant the technological increase in the company, the more production and profits
increase. That seems logical, but it is necessary to show business people how much the
benefit of the increase could be so that it serves as a reference.

Concerning time, it decreases the initial quantities produced; that is, if 100 pieces
were made at the beginning in 6 days, with technology, the production of those same
products over time was reduced by 30 percent.

With the implementation of the first technology, production increased consider-
ably by 120, and it is logical because these machines generate fewer errors fewer
excess threads, and each process is done automatically.

They increased those of the second phase by more than 50% and, although it seems
that it does not coincide with the products generated, which were 100 more, it is

Figure 9.
Fuzzy graph resulting from the implementation of computerized machines and production management system.
Source: Prepared by the authors.
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understandable, since the management of the system monitors production, and thus
prevents the loss of garments or that they are paid twice. In addition, it controls the
entries and exits of the inventory, both products and materials, derived from calcu-
lating the material that must be used based on the number of garments in the process.
It helps save and avoid waste or theft. In the end, profits increased with a high
membership of 0.7.

5. Discussion

The fuzzy logic establishes threshold data; in this study, it can be observed that the
low membership is 1.0 for 80 products, but if the company produces from 0 to 150,
they are in a low range. As the products increase, the “low” membership decreases to
become “medium.” Analogically, in all phases (low, medium, and high), the same
happens with all items of products, time, and profits.

In this way, it is known that if the production was 220 products, its membership
was 0.8, that is, to be closer to being within the “high” production set.

In the profits, and considering these data, if the profits were 10,550, he had amem-
bership of 0.8, which is regarded as “high.” In a hypothetical case, if the profits had been
7000, themembership would be approximately 0.3, considered high, but less than 0.8.

It is necessary to clarify that there is still a lack of technology to be implemented,
which could not only improve profits but could even decrease the human emotional
problem generated by production errors, but this analysis, valued in fuzzy logic, pro-
vides the basis for it to be used as a methodology to evaluate a company and forecast
benefits based on parameters of each company.

6. Conclusions

SMEs support the economy around the world; therefore, looking for strategies to
obtain the best results in different aspects is essential. In this case, the innovation
occurred in manufacturing and production management. Manufacturing is one of the
activities where there are microenterprises that collaborate with a larger company,
and it is here where emphasis should be placed on manufacturing processes since their
limitations are more significant when it comes to small companies, considering that
they are companies formed generally by people who do not know much about

Phase Production
quantity

Time Utilities (Mexican
pesos)

Membership Linguistic
Variable

Start 100 products 6 days $1500 1.0 Low

With embedded
technology

220 products 6 days $4900 0.8 Half

With information
systems

320 products 6 days $10,550 0.7 High

Source: prepared by the authors.

Table 5.
Analysis of the production process with fuzzy logic.
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technology, nor its benefits and obviously, nor how it could help them have better
profits and fewer problems.

Fuzzy logic is proposed in this research chapter as a method that evaluates and
validates the manufacturing processes of a company presented as an object of study.
The technology incorporated into the company evaluates and validates the results,
foreseeing that it can be further improved with the integration of more technology,
which makes the company increasingly mature.

The fuzzy methodology was established through rules that manage degrees of
uncertainty called “high,” “medium,” and “low,” selected by ranges of data that relate
them to the variables “products,” “time,” and “utilities” that generate their variations.

The use obtained in each implementation stage was reflected in the analysis of the
manufacturing process, comparing its results without and with the implementation of
technology. It may be logical to know that technology brings benefits, but measuring
the certainty of the company’s growth is necessary.

Fuzzy technology provides vagueness in the data, which provides certainty that it
is within established parameters and gives entrepreneurs an idea of what the technol-
ogy is doing for their businesses.

With embedded systems technology, one could have the idea that it serves to
generate greater production and consequently greater profits, but it is necessary to
determine how much the benefit is, in this case, in terms of products, time, and
profits. With the information management system, it is not so easy for people to see
its benefits, which, in this case, is less time to review the monitoring of production
and the input and output of products. It seems simple, but having this knowledge
generates less anxiety for microbusiness leaders since they always have in view the
number of garments that remain to be delivered, those that have entered the com-
pany, and those that are still in production.

Fuzzy analysis clarifies data in the manufacturing process, showing benchmarks in
production, time, and profits through languages understood by workers and measured
in a language that provides an objective perspective to workers. Saying that produc-
tion is low, time is short, and profits are high gives leaders a better idea of what they
need to adjust in their processes.

The first time the company analysis data was obtained, a company with “low”

profits was observed. When the fuzzy analysis of the second stage was carried out,
where embedded systems were implemented through automated machines, the
results showed graphs with an increase in profits that classified them as “medium.” In
the third stage, when the information system for production management was
implemented, profits reached the “high.”

For all of the above, it is concluded that systems analysis using fuzzy logic can
show forecasts of the quantities involved, and this can help in planning and, conse-
quently, in decision-making.

Finally, with this method, entrepreneurs could plan and invest in their companies
with the certainty that they will be able to obtain profits in a certain time, generating
confidence in their investments.

It is important to mention that based on the strategies generated by the analysis
with the fuzzy cognitive map, it is necessary to increase the implementation of tech-
nology, but this way of measuring progress in the company provides entrepreneurs
with the best expectation of the development of their company.; This model may vary
from one company to another, but it is a reference for other companies, which,
although they will have different data and technology, the results could occur in a
similar way.
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As already mentioned, SMEs are very important financial entities for the economic
development of countries, and this diffuse method could help them grow to have
more and better companies and, what is better, help companies survive.
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Abstract

Supply chains are linked for specific purpose and by something. Hence, the 
respective links of the chain must be hooked in the right place, sufficiently strong, 
and have to start somewhere. This chapter looks at the raw materials supply chain 
as the first link in a commodity supply, from the European Union (EU) perspective. 
Aspects of the raw material potential of critical or strategic mineral resources in 
Europe, its further exploration, and the concept of modifying factors are considered, 
and reporting systems of resources and reserves are described, underpinned by exam-
ples of mineral potentials in different regions of the EU. Thus, targeted exploration of 
raw materials, especially within the framework of national geological research, serves 
to support a sustainable and resilience supply chain. EU projects, such as GeoERA 
and Geological Service for EU, assist in shaping the tailor-made exploration programs 
fit for providing mineral data publicly available through EuroGeoSurveys’ European 
Geological Data Infrastructure. In the future, raw materials may be seen as global 
public goods required to address many challenges, from the climate crisis to geopoliti-
cal instability; therefore, the society could conceptualize them in a new way, from a 
dominant investment returns-oriented viewpoint to one linked to delivering global 
objectives.

Keywords: exploration, raw materials, sourcing, strategic, critical, potential, Europe, 
resource management, UNFC

1. Introduction

Supply chains may be defined as including all stages involved in producing and 
delivering a final product, including managing supply and demand, sourcing raw 
materials and parts, manufacturing and assembly, and warehousing and inven-
tory. They are essential for maintaining and improving the well-being of societies 
worldwide [1]. Mineral and energy raw materials are of particular importance, for 
example, [2, 3] in many supply chains, because they provide the basis for products, 
as well as they are essential for the supply of energy [4, 5]. Mineral raw materials 
can be divided into primary raw materials, which are extracted from the Earth’s 
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crust, and secondary raw materials, which are produced in the process of recycling. 
This chapter will focus on primary inorganic raw materials of natural origin and 
in particular on metals and metalliferous minerals (e.g., Fe, Cu, Pb, Zn, Au), and 
industrial minerals (e.g., salt, clay, barite, fluorite, limestone), while construc-
tion minerals (e.g., sand, gravel, marble, granite, basalts) are only touched upon. 
Primary raw materials are the starting point of the complex supply chains in 
Europe and beyond [6].

Primary raw materials pass through extraction, beneficiation, and transport 
processes before being introduced into the manufacturing process of various goods. 
Different regions and countries are involved in these actions. Numerous players with 
different interests and objects have to play together, including producers and manu-
facturers, suppliers, traders, and customers, ensuring the flow of goods and products 
on the global markets as much as in the local one. Establishing global relationships by 
upstream and downstream industries, including the primary raw material produc-
tion, is part of common strategies [7, 8]. The functioning of supply chains is also 
influenced by the collaboration, innovation, trade relationships, and relationships 
among various disciplines and stakeholders, up to foreign affairs.

Europe’s key industries, including automotive, electronics, and pharmaceuticals, 
need a steady flow of essential goods made from minerals and metals [9], and the 
requirement is not limited to them. Moreover, economy is highly dependent on reli-
able and timely supply of raw materials and semifinished or finished goods [10, 11]. 
Geographic considerations have been a key component for building up raw materi-
als supply chains for centuries when manufacturing facilities, for example, were 
established in proximity to raw material sources and related refinement facilities to 
minimize logistical challenges, including transportation costs. Nowadays, geographic 
location is of less importance since many supply chains are globalized [12, 13]. The 
belief in a fair and open market was high, while in Europe raw material prospec-
tion, exploration, and mining were often considered as unfavorable [14]. Yet, many 
downstream industries in Europe have withdrawn their direct engagement in mining 
since 1990, while new players arrived on the global market. During this time, the 
demand for commodities has increased significantly and with it the competition for 
the available resources [15].

The plentiful crises of the last decade have pointed out the importance of undis-
rupted raw materials supply chains, highlighted also by headlines of daily news 
[16–20]. Events that are not only difficult to influence, such as natural disasters, 
political instabilities, or changes in trade policy, but also labordisputes and the like 
can lead to significant bottlenecks, price fluctuations, or delays that disrupt the entire 
raw materials supply chain [21–24]. Any market distortion or failure has its conse-
quences, some of which have hit Europe’s economy unexpectedly hard [25].

Thus, modern supply chain planning benefits from a good knowledge of primary 
raw material deposits, the local conditions, where they are mined and processed, 
and the framework conditions under which the partners in the supply chain perform 
[26, 27]. Such planning enables companies to anticipate potential supply shortages, 
assess risks, and develop strategies to secure a stable and reliable supply of raw 
materials. At the same time, sustainability practices, such as responsible sourcing, 
ethical labor practices, and minimizing the environmental footprint associated with 
raw material extraction, are becoming increasingly important [19, 27–29]. This is 
due to both the need to meet production demands and consumer concerns about the 
associated environmental and social impacts [30–32].
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Hence, it is currently widely recognized that functional supply chains serve our 
societies through the functioning of our economies by providing jobs and high living 
standards. This holds at least for developed and industrialized countries. Thus, 
building up resilient supply chains has become as much of strategic importance by 
governments [21, 22, 33–38] as by industry [38–40] and is a matter of many supply 
risk studies in the twenty-first century [41–44].

2. The raw materials supply chain front-end approach

Over the last decades, Asia has become an important player on the global market. 
China, in particular, has demonstrated strength in all parts of the raw materials value 
chain. It continues to build its position with strategic activities abroad, for example 
[42, 45–48]. Supported by strategic exploration programs, China is systematically 
improving its knowledge of national resources and acquiring competencies in the 
most preferred technologies [44, 45, 49, 50]. Other countries, such as Saudi Arabia 
and Indonesia, for example, are gaining more and more market dominance on raw 
materials such as nickel, cobalt, gold, and their related supply chain. The increasing 
global competition and the very fragile supply chains call urgently for actions and 
smart strategies by companies and governments [51, 52]. Strategic thinking starts 
often only at the extraction stage [1, 22, 53]. Yet, all of the supply chain stepping-
stones are more or less obviously related to mining. In contrast, the very first 
step—the exploration of potential resources—is often overlooked, while the general 
principles still hold [8]. Thus, a first step toward greater resilience by promoting 
import independence is knowledge about one’s own raw material deposits (poten-
tials), especially their distribution, quantities, and qualities (see 3.2). The regional 
and National Geological Survey Organizations (NGSOs) and their European umbrella 
organization “EuroGeoSurveys” act particularly, but not exclusively, in the first seg-
ments of the supply chain that sets the raw material value chain in motion (Figure 1).

Figure 1. 
The supply and value chain of raw materials shows the importance of the first segments of the supply chain—
From theory (e.g., geological modeling) to exploration—To turn the wheel of a (circular) economy, redrawn after 
ref. [54]. The smaller arrows indicate the inevitable loss of resources associated with the respective segment of 
chain link, making mining indispensable even in the best possible circular economy.
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2.1  The political dimension of exploration and mining data in the raw material 
supply chain

Europe is the only populated continent that has seen a decline in mining produc-
tion by 31% in the period 2000–2021 [55]. Lack of investment in European explora-
tion, mining, and processing is a key reason for the EU’s current raw materials supply 
chain weakness. For example, the supply chain squeezes on magnesium [56], gallium 
and germanium [57, 58], illustrates China’s dominance on several commodities along 
the value chain. Europe’s weak position is also caused by limited focus on interna-
tional raw materials strategic partnerships and diversification of sourcing over the 
same period.

This vulnerability has not gone unnoticed in the EU. As far back as 2008, the 
European Commission established the raw materials initiative, which set the frame-
work for the future EUs raw material supply security. The initiative consists of three 
pillars: (i) access to raw materials on world markets at undistorted conditions, (ii) 
foster sustainable supply of raw materials from European sources, and (iii) reduce 
the EU’s consumption of primary raw materials [59, 60], followed by the European 
Innovation Partnership (EIP) on raw materials, the raw material alliance, strate-
gic partnerships on raw materials and not yet adopted Critical Raw Materials Act 
(CRMA) [33]. Within the Act European Commission defined a) critical (CRMs) and 
b) strategic raw materials (SRMs) as a) materials of high importance to the economy, 
while the supply is associated with a high risk of disruption; b) crucial to technolo-
gies important to Europe’s green and digital ambitions and for defense and space 
applications, while being subject to potential supply risks in the future [58, 59]. The 
European Commission updates periodically its list of CRMs. The list of 2023’s contains 
a total of 34 individual raw materials or groups of raw materials [61].

Unfortunately, such EU actions have been overtaken by subsequent events that 
heavily impacted European raw materials supply chains, including the COVID-19 
pandemic, the Russian war in Ukraine, and the international race for mineral security 
to meet the ambitions of the required green transition. As a result, the pace of EU 
strategic and legislative action has increased in the years 2021 to 2023, for example, 
through initiatives such as the Global Gateway [62] and InvestEU [63], as well as 
implementation of the European Climate Law [64], REPowerEU Plan [65], the 
Green Deal Industrial Plan [66], the Chips Act [67, 68], the Corporate Sustainability 
Reporting Directive [69, 70], as well as the recently proposed Net Zero Industry Act 
[71] and CRMA [33].

Sustainable sourcing and efficient use of raw materials are key for Europe’s 
long-term resilience and competitiveness in the face of global markets. The upcoming 
CRMA sets the benchmarks for annual consumption of raw materials in the European 
Union for domestic sourcing through extraction, processing, and for import depen-
dencies from a single third country. Moreover, these benchmarks are the main 
objective of Europe’s strategy on critical and strategic raw materials [43]. Moreover, 
the EU is trying to increase its knowledge on raw materials by investing in geoscience 
data acquisition (see also 3.1). Estonia, for example, focuses its “General principles 
of Earth’s crust policy until 2050” on the collection of geological information and 
the use of the national resources the most profitable way for the country [72]. At 
national level, several countries, including Austria, Finland, France, Germany, 
Sweden, and more recently Norway and Spain, have developed or updated strate-
gic initiatives, such as the “Roadmap for the Sustainable Management of Mineral 
Raw Materials” [73–75]. Some strategic actions have been devised to stimulate the 
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industrial sectors related to mineral raw materials, thereby ensuring access to essen-
tial mineral resources. These initiatives include the implementation of diverse types 
of instruments: a) regulatory mechanisms that align mining legislation with the 
European Union’s action plans, b) sector-specific tools that secure the principles of 
the circular economy, knowledge enhancement, and ensure regulatory compliance, c) 
cross-cutting instruments to foster public-private collaboration and enhance citizen 
involvement in decision-making, as well as risk finance instruments to stimulate capi-
tal investments, and d) an impetus toward research spanning the entire value chain 
(from cradle-to-gate [76]). The NGSOs play a key role in examining the geological 
potential of individual countries. This is why the CRMA sets a precedent in identify-
ing the NGSOs, for the first time in EU legislation, as central point to provide required 
geoscientific data and expert advice to drive domestic exploration investment, which 
is currently a limiting factor in maintaining the uninterrupted raw materials supply 
chains (point 1, above). Such strategic approach has been successfully applied in 
China and led to its economic boom in the 21st century, for example [77].

2.2 Elements of a strong raw materials supply chain

Building strong, reliable supply chains that fulfil the concept of sustainability is 
the golden rule. Like investments, this requires a good governance structure, reliable 
political and legal frameworks, fair tax systems, and transport and tariff regulations 
[78, 79]. It also requires good working conditions, such as high work safety and low 
risk of labor disputes, as well as low risks for natural disasters (e.g., weather, earth-
quakes, landsides) that can affect the functioning of a supply chain [10, 80, 81].

Key elements of a robust raw materials supply chain are as follows:

• Access to reliable exploration data and mineral resource databases of primary 
and secondary raw materials.

• Access to primary production, from mining to processing of the ores and 
concentrates of the raw material demanded.

• Access to secondary production, from collection to recovery and refining.

• Access to the downstream production of the finished or semifinished products.

Chemical elements are not equally abundant nor equally distributed on the Earth’s 
crust [82]. Mineral resources must be extracted where they occur, and this will affect 
the environment where they are exploited. What sounds like a truism, however, sets 
the framework where, how, when, and by whom these resources can be used at all. 
Ideally, these key elements take place in a setting, free of geopolitical risk and with 
access to water, (green) energy, infrastructure, and similar.

3. How exploration and extraction fits in the supply chain

The supply chain for minerals is fed by continuous investment into investiga-
tions over the location and properties of minerals found in the Earth’s subsurface. 
The importance of exploration to the mineral supply chain is highlighted by several 
reports [83–85]. This is conducted at a wide variety of scales and levels of details (i.e., 
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from remote sensing surveys and regional airborne geophysics to site-level detailed 
exploration drilling) by different actors from public research organizations to private 
companies and investors. While it will always be commercial entities that are respon-
sible for bringing mineral projects into production, state agencies, such as NGSOs 
provide an important role in creating and providing data and knowledge through 
exploration on the geological potential for resources. Their unbiased assessment of 
geological potential helps guide exploration and mining activities by identifying areas 
that are most likely to yield economically viable deposits. These assessments can be 
used to target specific regions for more detailed commercial exploration, determine 
the best drilling locations, and inform decisions related to resource extraction and 
state aid level as on company level.

3.1 Geological data and information

Geological data and information underpin key elements of a robust raw materials 
supply chain. Data from NGSO’s, on a national and regional scale, provide informa-
tion on the structure and composition of the Earth’s subsurface that influences the 
likelihood of mineral deposit occurrences. Due to new technologies, changes in 
demand, and new environmental regulatory requirements there is a constant need 
to keep geological data up to date. This importance is acknowledged in the CRMA 
Article 20 [33].

Assessments and forecasts on the national potentials for raw materials and the 
related industry are done by many NGSOs. These lay down the treasure trove of 
national raw materials, where in Europe commodities relevant for infrastructure and 
construction, such as aggregates, sand, and gravel, are the top commodities in terms 
of quantities, while in terms of value industrial miners (e.g., potash) and metals play 
an important role, for example [86]. While there is no geological shortage for many 
raw materials, there might be a shortfall in the availability and access to the treasure 
deposits. Moreover, resource inventories form the basic data critical for underpin-
ning decision-making relating to resource management for a wide range now widely 
implemented, or upcoming policies from national government such as security of 
supply, decarbonization, circular economy, etc. [87].

The NGSOs have developed the European Geological Data Infrastructure (EGDI, 
www.europe-geology.eu) applying the FAIR (Findable, Accessible, Interoperable, 
Reusable) data principles that provide open access on maps and aggregated national 
data on production, trade, resources, reserves, and exploration at commodity level.

Since establishment of the 2008 Raw Materials Initiative, the European 
Commission has acknowledged the key role of research, development, and innovation 
in driving investments in and advancement of the European raw material sector and 
the role of collaborative science. Underpinning funding instruments (e.g., the cur-
rent Horizon Europe program, EIT-Raw Materials, ERA-MIN) stimulate research and 
innovation in the field of raw materials and cooperation among and between various 
research institutions, educational institutions, public bodies, NGSOs, and industry. 
The projects ProMine, ORAMA, GeoERA, SCRREEN (1-3), FutuRaM, and GSEU are 
good examples of such cooperations [14].

Notably, many of such projects involve or involved NGSO as coordinators or 
partners. The importance of NGSOs in collaborative pan-European projects that aim 
to deliver an European perspective on CRMs stems from their national mandates to 
collect, archive, and deliver geoscientific data and knowledge. As a collaborative net-
work of NGSOs, linked through the umbrella organization EuroGeoSurveys, this has 
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brought EU-level benefits in the form of a committed approach to data harmonization 
and delivery of EU-scale products. Such contributions have been progressively built 
through projects such as EGDI Scope, which developed the framework for a common 
open subsurface data infrastructure, followed by GeoERA, which delivered multiple 
pan-European harmonized datasets related to minerals, energy, and groundwater. 
Currently, the NGSOs and other key partners collaborate through the Geological 
Service for Europe (GSEU) project, which takes data collection, harmonization, 
and delivery further, developing the EGDI into a knowledge hub, while preparing 
and delivering extensive data products, including CRM data. Such data and data 
products can then inform policy makers, expert and layman and allowing the assess-
ment, evaluation and interpretation of genetic and prospectivity aspects of selected 
 commodities for example [88, 89].

3.2 Reporting codes and standards

To understand raw material supply chains, it is important to use exploration data 
to conceptualize and quantify, where resources are and of which quality. There are 
many different types of data and metrics regarding these aspects of mineral explora-
tion and extraction, but the most fundamental commonly used of these is the concept 
of “resources” and “reserves.”

The most widely accepted definition published by the Committee for Mineral 
Reserves International Reporting Standards (CRIRSCO) is in simple terms and 
reserves are that part of an identified resource that could be economically extracted at 
the time of the assessment [90]. The determination of mineral resources and reserves 
is the means by which deposits that are currently economically extractable (reserves) 
are distinguished from those where economic extraction of a commodity is poten-
tially feasible (resources).

This estimation comes along with uncertainties. Stepwise, these uncertainties are 
minimized to increase the likelihood of success. Those steps are verifying the basic 
conceptual idea of the location of a mineral occurrence in the field. That includes a) 
converting exploration results from a prospective area into a quantitative estimate of 
the amount, quality, and distribution of the target mineral (e.g., by drilling, assay-
ing, and preliminary laboratory testing to determine if the mineral can be effectively 
separated from its host rock) and b) detailed evaluation of all aspects of geological 
confidence, technical feasibility, environmental, social factors, etc., and may take 
several years to complete. The vast majority of reconnaissance exploration projects 
are abandoned without ever verifying the presence of a discovered resource because 
one or more of these factors limit the financial viability of the project in the market. 
The next step is the determination of the technological setup that makes mining and 
process feasible and includes a) comprehensive technical investigations to confirm the 
size and grade of the deposit, b) determination of geological and physical constraints 
that may affect how a mine needs to be designed and constructed, how the extrac-
tion can take place technicality and how the extracted material need to be treated to 
liberate the target materials. In conjunction with further modifying factors (MF), 
a mineral reserve is then defined with a full financial analysis to confirm economic 
viability, usually associated with a bankable feasibility study. However, this reserve 
is valid only at a particular point in time (as market, regulatory, political, and social 
conditions can vary significantly over sometimes even short time scales) and is best 
regarded as a working inventory of the amount of minerals available to extract at 
the time the assessment was made. The work required to calculate resources and 
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reserves is very costly and, as such, project operators typically only define resources 
and reserves to the level that it will be possible to obtain further investment. Thus, 
the quantity of undiscovered resources is almost always very much larger than that 
of discovered resources, which, in turn, is much larger than that of reserves, often by 
many orders of magnitude [91]. Each successive class is associated with an increasing 
level of confidence, corresponding to the increasing amount of data required for its 
classification (Figure 2). Forecasting with the assumption that “all we known is all 
there is” (e.g., [92]) has been shown to be incorrect by, for example [93].

At the very early stage of exploration, the quality and accessibility of data and infor-
mation sets the course for future resource availability. This pre-production part of the 
supply chain must continue to provide data on regional prospectivity through to actual 
resources. This will allow the necessary exploration investment to flow and sustain the 
activity required for a small percentage of exploration projects to be successful.

3.3 Modifying factors

The application of the modifying factors (MF) constitutes an integral part of the 
mineral reserve estimation process (mineral reserves are mineral resources that are 
economically exploitable under current technological and market conditions). Such 
adequate consideration during the estimation and reporting of mineral reserves is 
crucial [94]. Hence, the MF are acknowledged by all international standard codes for 
reporting (see 3.2). Commonly, the following key MF are considered in alphabetic 
order [94–96]:

• Beneficiation (e.g., metallurgical recoveries).

• Economic (e.g., raw materials quality, royalties, exchange rates, transport costs, 
final product, and its market conditions).

• Environmental (i.e., Environmental Impact Assessment (EIA), by mining, 
mining residuals, and after mines lifetime).

Figure 2. 
Schematic representation of the relative size of the quantities represented by the terms resources and reserves (not 
to scale) and how the most commonly used definitions fit within this.
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• Infrastructural (e.g., physical access, energy, water supply, labor, and facilities).

• Legal (e.g., permitting procedures—duration, reliability for exploration, and 
mining rights).

• Marketing and market developments (e.g., price and demand forecasts).

• Mining (technical and geological aspects, e.g., mining losses and dilution).

• Social and governmental (establishing trust and getting acceptance and the 
license to operate).

Ideally, these key MF are considered adequately and reported in a transparent and 
understandable format to allow a comprehensive risk assessment on all aspects. All of 
these MF will probably also be considered in reserve estimations for secondary raw 
materials in the future.

3.4 Comparability of reporting codes and standards

Development of potential exploration projects requires risk estimation, includ-
ing expectations on volumes, cost, and other associated risks. The mineral industry 
typically needs these estimates to communicate with stock exchanges and investors. 
The majority of industry data adheres to the International Reporting (ITR) template 
in CRIRSCO style, an internationally accepted standard designed specifically for the 
reporting of results to stock exchanges and investors to ensure a consistent standard is 
applied [90]. As a result, any reported “reserves” should not be considered as physical 
stocks, but as economic entities that have a realistic chance of being extracted in the 
foreseeable future (typically within 3–5 years). While these international reporting 
standards are a mandatory requirement by international stock exchanges, there is a 
lack of requirement to use them in Europe outside the financial sector.

National governments and regional bodies conversely require data that may be 
more focused on long-term strategic planning and less on short- to medium-term 
investment decisions. As a result, many countries have their own specific way of 
recording such information. The wide variety of definitions can lead to incompat-
ible data being aggregated and misunderstandings about what data points represent, 
which can lead to poor policy decisions [93, 97].

To establish interoperability of data from different reporting standards, the United 
Nations Economic Commission for Europe (UNECE) has developed a code, namely 
the United Nations Framework Classification (UNFC), bridging differences between 
different standards; thus, the UNFC allows a comparable representation of data, 
Figure 3 [98].

The importance of clear, reliable, and comparable data is noted in the CRMA, 
which calls for an obligatory use of an international standard the United Nations 
Framework Classification (UNFC) for reporting resource data of projects considered 
strategic in the EU. New research, development, and innovation projects under EIT 
Raw Materials are already evaluated according to the UNFC on the basis of their 
economic, technical, social, and environmental feasibility for resource production 
[98–100]. The various classification criteria are set up in three categories based on 
a) environmental-socioeconomic viability (E-category), b) project status and feasibility 
(F-category), and c) degree of confidence in the estimates (G-category), Figure 3 [98].
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3.5 The use of raw material reporting data in understanding supply chains

Exploration activity and subsequent data reported by industry will be focused on 
maximizing economic value for investors. This may cause issues with knowledge gaps 
around commodities where they may be a mismatch between economic returns to the 
extractive industry and the strategic needs of a country or region. For instance, with 
regard critical raw materials, these are often produced as by- or co-products of other 
primary mineral production (cobalt as by-product of nickel production or rhenium, 
tellurium, gold, and selenium as by-products of copper extraction, as examples) 
[101–103]. These may not be of primary interest to investors as they may have a small 
contribution to economic feasibility of a mining project. Similarly, critical minerals, 
which may occur in minor amounts in deposits or those that might occur in mining 
residuals (heaps and tailings), are often even not analyzed or reported.

This can be at odds with the intense focus on CRMs by national governments. 
However, it can also counteract opportunities for transdisciplinary—or niche – solutions, 
as well as new business models. The UNFC may provide an advantage here by providing 
easy understandable and comparable information for different projects and/or com-
modities, including those that are currently not economically extract, meeting the wider 
[104]. According to UNFC, details on MF like ecological, social, technical, and financial 
aspects can be outlined in a comparable way and allows comparison of projects of 
different nature for decision-making. Significant barriers in terms of technical, environ-
mental, or societal constraints can be identified and monitored assisting governments 
and companies to develop suitable measurements to overcome such barriers for projects 
of general interest (e.g., projects required for the energy transition). Countries, such 
as Finland, Sweden, Norway, Hungary, and Ukraine, for example, provide or plan to pro-
vide standardized and harmonized, UNFC and INSPIRE-compliant mineral data to the 
pan-European digital platforms on the whole range of minerals with a special emphasis 
on strategic minerals [105].

Moreover, the UNFC reporting is flexible enough to include data on quantities 
of material that are considered currently noneconomic. This data, often collated in 

Figure 3. 
The UNFC classification system. From United Nations framework classification for resources updated 2019, 
UNECE, © (2022) United Nations. Reprinted with the permission of the United Nations [98].
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national inventories by NGSs and mining authorities, is critical for understanding the 
pipeline of available minerals over decadal times or longer, as well as minerals that 
may currently be uneconomic to extract now but may be in the future. Currently, 
there are a couple of projects for mining critical and strategic raw materials in the 
pipeline that build on such data treasures that form the bulk of mineral potential on 
national and regional scales. In the cases of Zinnwald Lithium Project at the Czech-
German border, for example, adding new data using modern technologies will pro-
vide answers to questions on what may currently be in production and what may be 
produced over the next five or so years. Yet, at the moment, it is impossible to answer 
many questions currently asked by those with concerns over supply chains, such as, 
where indigenous production of certain minerals is possible over longer timescales or 
what the geological availability may be if certain policy decisions were implemented 
or economic barriers significantly changed. Regardless of the shortfalls, the UNFC 
system is still best suited to resource reporting and aggregation of resource quantities 
at national and regional scales, thereby facilitating decision-making on large-scale, 
long-term, and resource management.

4. Europe’s geological potential

The European territory contains some areas, which are favorable for finding the 
occurrences of mineralization. Geological studies of such areas facilitate genetic stud-
ies of ore deposits, putting emphasis on their metallogenetic relationships in space 
and time, which are fundamental for determining new mineral exploration targets. 
The geological evolution of the European terrains identified several favorable condi-
tions for the formation of a variety of mineral deposits. These deposits are unevenly 
distributed geographically because they formed in a various epoch of the Earth 
history and can form regional clusters. These clusters or areas are called metallogenic 
provinces or districts [106]. An active interface with all types of subsoil resources, 
their location, mining or oil-gas status, related reserves, possibilities of use, needs of 
each industrial sector, and also risks impact that their exploitation would have on the 
environment and is a starting point for drawing up viable and long-term strategies by 
lowering the uncertainties and assisting in fostering the raw material resilience [107].

As the geological potential is an expert estimate or interpretation based on avail-
able data and knowledge at a given time, it rather provides an indication of where 
exploration efforts may be more promising [108]. However, it can also be impacted by 
additional MF, including company strategies, data maturity and reliability, commod-
ity prices, geopolitical issues, and future market outlooks.

The mineral potential of Europe has been investigated at all levels from small 
exploration companies to government. It can be seen as an indicator of various 
parameters, such as a) known deposits occurrences, b) share on public revenue, c) 
share on gross domestic product (GDP), d) public acceptance, e) competing commer-
cial sectors interested to use the same space, or f) technical readiness, for example.

Potential is, therefore, a function of the geological setting, the physical acces-
sibility, and the level of detail of geological information. In the case of Europe, seven 
mineral-hosting metallogenic belts/areas/provinces are recognized, Figure 4.

Each mineral commodity is distributed in specific geographical locations that 
contain similar geological structures, including host rocks, state of rock alteration, 
and similar structural domains, as detected by the GeoERA project on Forecasting 
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and Assessing Europe’s Strategic Raw Materials Need (FRAME) for example [106, 
110, 111]. These differences are expressed in Figure 5 that shows (A) the lithium 
metallogenic belts that differ significantly to those of (B) cobalt metallogenic belts. 
For further details, see https://data.geus.dk/egdi/?mapname=egdi_geoera_frame#bas
lay=baseMapGEUS&extent=1139240,1,345,340,7,499,790,4,120,660&layers = frame_
li_occurrences_deposits,frame_lithium_metallogenic_areas [88].

4.1 Paving the way for exploration activities in Europe

Exploration is a constant task for all actors given the fact that needs by industry 
is developing as well as technologies used to discover and to mine unknown deposits 
and to process ores. Chemical elements, which are now important to our economies, 
have been of low interest for centuries, and hence rather a target of academic inter-
est only. Systematic exploration for these elements and for deep-seated deposits 
has started rather recently. Thus, in Europe, many mineral/metal potential maps 
are based on data that has been collected within the last century. Further progress 
depends on: the improvements in exploration methods and technologies (from geo-
physics to drilling technologies), more efficient and environmentally sustain mining 

Figure 4. 
An overview of major metallogenic belts and endowment of Europe and Greenland modified after refs. [105, 
106, 109] And the main metallogenetic areas in Europe listed according to their most common abundance. 1: 
Fennoscandian shield with potential for Fe, Cu, Zn, Pb, Ni, Cr, Ti, Au, Ag, Te, Se, Mo, Co, Li, graphite, Be, 
REE, Sc, Si, V, Sb, Bi, Nb, Ta, In, Ge, PGM; 2: Britain and Ireland with potential for Zn, Pb, Ag, Sn, Cu, Ni, 
Mo, Au, barite, fluorspar, Li, Co, Be, Sb, W, PGM; 3: Iberian-Variscan belt with potential for Cu, Zn, Pb, Ni, 
Au, Ag, Al, Se, Mn, Li, Co, Si, W, In, Ta, Nb, Be, Bi, Ga, fluorspar, barite; 4: Tethyan/Carpathian-Balkan with 
potential for Cu, Zn, Pb, Ni, Al, Cr, Mo, Au, Ag, Re, Se, Li, Co, Mn, Sb, W, Bi, REE, PGM, Sc, Ge, V, Nb, Ta, 
Mg, graphite, magnesite, fluorspar, barite, borate; 5: North Atlantic/Greenland with potential for Fe, Cu, Zn, Ni, 
Cr, Ti, Zr, Sn, Ag, Au, REE, Nb, Ta, W, Co, PGM; 6: Fore-Sudetic with potential for Cu, Zn, Ni, Sn, In, Ag, Co, 
Li, W, Mo, Au, Se, Re, PGM; 7: Ukrainian shield with potential for Fe, Mn, Ni, Co, Ti, Au, Li, U, Be, REE, Sc, 
V, Nb, Ta, Zr, graphite.
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process and minerals processing technologies, on the global price market of the 
target raw materials (see Section 3.3), and on the ability of geologists to identify new 
potential areas for greenfield exploration, which means the exploration in the areas of 
no known historical mining or exploration activities.

The incoming CRMA calls on members states to set up National Exploration 
Programmes, which will become a mandatory task as stated in CRMA Article 18 [33]. 
The exploration potential of Europe can be demonstrated in various forms: be they 
from recent success stories of new mineral finds in both brownfield and greenfield 
areas, by innovation regarding new sources of minerals, or by advanced mathemati-
cal means. One example combining many forms in advances is the discovery of 
the Kiruna rare earth elements (REE) deposit owned by the state company LKAB 
in Sweden, which is said to contain one million metric tons of rare earth oxides. 
This discovery could pave the way for REE to start being mined in Europe is such 
a successful example of brownfield exploration. Yet, REEs deposits are not scarce 
but requires smart technological solutions to be further processed and separated. 
Hence, the REE-bearing ores (and tailings) of Kiruna will be separated by a new 
chromatography-based technology developed by REEtec (https://ree-map.com/). 
This has the potential to be a game changer. The separated individual REE in oxide 
form, which will, in turn, be converted to metal by the British Less Common Metals 
Ltd. (LCM). In addition, the rare earth processing factory in nearby Estonia (https://
www.silmet.ee/) that produces a variety of high-purity rare earth materials from 
mixed REE feedstock. Products include neodymium-praseodymium (NdPr) oxide as 
one of its kind in the European Union being currently the only industrial-scale rare 
earth separation plant in full-scale operation in Europe. Moreover, a sintered rare 
earth permanent magnet factory is being built in the same location that will certainly 
contribute to the global supply chain. Further down the supply chain companies as 
the German Vacuumschmeltze GmbH (VAC) will use these materials to produce 
permanent magnets and magnetocaloric alloys, all needed for the energy transforma-
tion of the society. With these links connected and all placed in Europe a step toward 
resilient supply chains in a cradle-to-gate scenario similar to the battery challenges is 
made [113].

A huge driver for innovative research is the efforts to meet the UN sustainable 
development goals, which also pushes the development of innovative ways to extract 
lithium from European geothermal fluids sourced from geothermal and hydrocarbon 
drill holes [112], which is a potential nontraditional source of this metal. Similar 

Figure 5. 
Metallogenic belt maps for lithium (A) and cobalt (B). Modified after refs. [106, 112].
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leached-type lithium deposits (salars) are exploited in the Li-triangle at the borders 
of Argentina, Bolivia, and Chile [114–117]. In recent years, there has been consider-
able interest for the potential of lithium extraction from southwest England, France, 
Spain, and Germany, for example, to feed the battery raw material supply chain from 
both hard rock and brine sources. Although occurrences of lithium-bearing minerals 
and brines have been noted previously, no detailed exploration had been undertaken 
due to the previous low value in lithium and a lack of historical interest, a situation, 
which has dramatically changed in recent years. This has resulted in considerable 
investment in new drilling and geological evaluation and qualification of resources 
in two projects as well as new technology for the processing of geothermal brines 
to be developed [118, 119]. This activity is being undertaken against a backdrop of 
increased interest in metal mining in southwest England for a variety of other metals 
due to the current focus on critical raw materials. Southwest England has a long min-
ing history and was once a global mining hub. To ensure that any future development 
makes this renaissance of metals mining a success for everyone in Cornwall, research-
ers have been collaborating with policymakers and the industry using the UNFC 
to help regional stakeholders consider the whole range of sustainable development 
actions, which are needed for well-being of all. This is done by first using the UNFC 
to classify projects in the area with the intention to understand the development 
stage they are in and the barriers they may face. Furthermore, these are integrated 
with the United Nations Resource Management System (UNRMS) to give a strategic 
view of environmental impacts and how they can be linked with regional initiatives, 
to ensure that a social licence to operate is maintained and incorporated geoscience 
data into the decision making process [120]. Contrary, the discovery of the one of 
the largest lithium deposits in the world in western Serbia attracted interests from 
the global mining companies to extract this commodity, in particular the Rio Tinto 
Group, which planned to start mining operations in 2023. However, the project faced 
severe public opposition and has many environmental concerns, so the project has 
been canceled so far. In a similar situation is the Valdefores project in Cáceres (Spain), 
operated by the company Infinity Lithium, which has encountered strong opposition 
from the public opinion and local politicians. This opposition primarily stems from 
the proximity to the city and the potential environmental impact on the territory. 
These examples point out that the socioeconomic factors can be of equal, if not of 
greater importance than geological or technological ones.

EU projects, such as exploration and information systems (EIS, https://eis-he.eu/
tool/), develop innovative exploration tools that push the limits in earth observation 
further while using artificial intelligence (AI) for curation of huge datasets. Using 
digitalized information for statistical approaches and different GIS techniques to 
deliver maps showing favorable areas referring to a specific commodity is becoming 
a common praxis described elsewhere [121, 122]. Such methods allow prospectivity 
mapping of the favorability of occurrences of a nonrandom phenomenon and quanti-
tative evaluation to highlight areas of known mineralization and delineate targets for 
further investigation.

Mineral exploration presents a set of unique challenges, which vary from 
place to place, including working in remote and inaccessible locations, cost and 
capital requirements, geological complexity, technological limitations, legal 
and regulatory hurdles, market volatility, depth of exploration, limited success 
rates, environmental and social considerations (the so-called “social license to 
operate”), health and security, and political instability. These are all part of MF 
 considerations [123].
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The latter two are the most difficult to overcome and predict and they affect 
almost all exploration activities. Whereas the public acceptance of mining is usually 
negative in Europe, there is a great need for completely transparent population-
engaging mechanisms in place from the very beginning. One such example can be 
found in Estonia, where a deposit of the critical raw material phosphorite that had 
been thoroughly investigated and already mined during the twentieth century was 
disapproved due to the public outcry because of several reasons, that is. demo-
graphic, environmental, and political issues. Hence, new exploration activities by 
the local NGSO are being carried out openly and include environmental and ground-
water research in the initial phases, which result in having at the outset, the public’s 
acceptance. One example of the political instability issue is the current Russian 
war in Ukraine. Despite Ukraine’s significant mineral potential [105], the outcome 
of this war is still not known, while the first steps to link Ukraine’s raw materials 
potential to the European supply chain have already been made before the invasion 
started [124, 125].

5. Outlook/uptake

Europe has been among the leading regions in the raw materials supply sector for 
thousands of years, with the introduction of copper, bronze, and iron products, and 
later on, with the mining of many other various elements, such as silver, gold, lead, 
tin, and mercury. The largest renaissance in mining dates back to medieval ages when 
Georgius Agricola completed his cutting-edge opus magna “De Re Metallica” that 
paved the way for modern science-based fieldwork, exploration, mining technology, 
metallurgical work, and many more [126]. Europe’s long tradition in mining has 
added significantly to the raw material stock in the value chain. Still, there is a poten-
tial even for critical and strategic minerals from primary and secondary resources. 
Based on existing knowledge and data, target areas can be identified, while modern 
and more detailed exploration campaigns using the most advanced technologies 
will assist in discovering yet hidden resources. Additional information on a possible 
exploration target will help reduce the risk of failure, whether being of economic, 
environmental, or social aspects. These risks associated with the development of 
any kind of a project can be expressed in a comparable format proposed by UNECE. 
Hence, the UNFC can support reliable supply chain decision-making as options can 
be compared on an equal basis [16, 120, 127]. The NGSOs will be required to play a 
key role regarding the required national programs for the general exploration of criti-
cal raw materials if the CRMA comes alive (Art 18 CRMA). The recent networking 
project GSEU - A Geological Service for Europe might serve as a stepping-stone and 
the Nordic Countries as a model to unlock Europe’s raw material potential.

6. Conclusions

Europe is not a resource-poor region albeit access to known resources is limited 
and the knowledge on its raw material deposits is still a matter for improvement. 
Most of the potential sites for mining are small in size compared to the frontrun-
ners on the global market. However, to improve Europe’s raw material resilience, all 
sites that can be developed in line with the sustainable development goals count. To 
classify a potential raw material deposit as an exploitable mineral reserve, which can 
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be put on the market, modifying factors, including geological, technical, economic, 
environmental, and societal ones, must be considered. Setting up the right network 
between National Geological Survey Organizations for the general mineral potential 
assessment and exploration companies, miners, processing units, final customers, 
local population, environmental organizations, decision makers, and other important 
players down the value chain is a stepping-stone for success. The European Union 
recognized the importance of uninterrupted mineral raw material supply for the 
economy already in 2008 when establishing the Raw Materials Initiative, stimulating 
raw material supply from global markets, supply from European sources, and reduc-
ing the EU’s consumption of primary raw materials. This initiative was followed by 
various actions, including EU’s strategic partnerships, various collaborations, and 
research projects on raw materials. The foreseen adoption (as in September 2023) 
of the European Critical Raw Materials Act sets the frame to decrease the European 
dependency for raw materials imports. European national geological surveys will 
play a key role in doing that. They will be crucial for preparing national exploration 
plans, new geological, geochemical and geophysical data acquisition, data storage, 
and service to enable the diverse and sustainable supply chains that are required. 
First steps have already been made by setting up the European Geological Data 
Infrastructure, and by successful implementation of the Geological Service for 
Europe project funded by the Horizon Europe financial mechanism. This would not 
be possible without the umbrella organization, EuroGeoSurveys, which is connecting 
the national geological surveys of Europe.
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Raw 
Material

Global 
production, 

2021 [t]

EU27, UK, NO 
mining production, 

2021 [t]

EU27, UK, 
NO global 
share [%]

countries potential 
hosting primary 

deposits [country code]

Antimony 9724 n.d. n.d. AT, CZ, FR, IT, RO, PT, 
SI, SP

Barite 6,795,998 127,921 1.88 AT, BG, CZ, DE, GR, IE, 
IT, PL, PT, RO, SE, SI, 

SK, SP, UK, UA

Bauxite 380,131,540 157,490 0.04 AT, FR, GR, IT, HU, HR, 
RO, SI

Beryllium 6805 n.d. n.d. FI, FR, NO, PT, SE, UA

Borate 6,897,867 n.d. n.d. DE, IT

Cobalt* 131,766 1084 0.82 DE, FI, IT, PL, SE, SP, UA

Fluorspar 8,417,382 215,155 2.56 BE, BG, DE, FR, GR, IT, 
NO, PL, RO, SE, SP

Natural 
Graphite

1,159,618 6574 0.57 AT, CZ, DE, FI, IT, NO, 
SE, SP, UA

Phosphate† 74,316,730 363,720 0.49 EE, FI, FR, PL, SE, SP, 
UA

Strontium 583,586 281,535 48.24 CY, IT, SP, UK

Tantalum* 1319 n.d. n.d. FI, NO, SE, SP, PT, UA

Note: * given in tonnage of yield; † as P2O5; n.d. no data available or not significant; source of data [128].

Table A1. 
Critical elements for which the high supply risk already exists in the mining phase are shown with the global 
annual production for 2021 compared to the production in the EU27, the UK, and Norway (NO). Apart from 
strontium, where Spain plays an important role globally, Europe contributes only a very small part to global 
production from primary deposits. The geology and knowledge of former mining of these raw materials are 
further indications of a possible raw material potential in these countries.
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Chapter 5

Road Haulier Competition: 
Implications for Supply Chain 
Integration
Benedikte Borgström, Susanne Hertz and Leif-Magnus Jensen

Abstract

Road freight competition is playing out in deregulated markets. The EU single 
market is a market with abundant responses in terms of haulier strategic actions. 
This chapter situates the crucial role of road haulier strategies in the logistics service 
supply chain and industrial supply chain to achieve sustainability. Competitive and 
sustainable transport depends on effective transport services, vehicles and transport 
infrastructure, and conditions that foster the development of transport and logistics 
services. By examining how four case firms develop competences and make use of 
available resources we develop insights into road haulier competition and its implica-
tions. The chapter contributes to understanding how road hauliers are part of logistics 
service chains as well as industrial supply chains and how the many links and rela-
tionships increase the magnitude and implications of hauliers’ performances.

Keywords: supply chain management, transport services, road haulage, competition, 
supply chain integration

1. Introduction

In this chapter, we analyze how competitive road hauliers influence the industrial 
supply chain performance. Road transportation is by far the most important mode 
of inland transportation in Europe accounting for roughly 77% of ton-kilometers 
(Eurostat Statistics). Competition in the basic trucking or transport sector is increas-
ingly fierce and international. The road hauliers themselves are challenged by this 
fierce competition and some respond by trying to cut costs equally fiercely. In this 
chapter, however we see that there are several other competitive responses which 
depend on the creative use of resources including connections to the industrial supply 
chains and specialist competence. We argue that changes in the road transport busi-
ness influence users of transport services, such as industrial supply chains. However, 
very little is written about road hauliers’ pivotal role in the flows and even less about 
their role in industrial supply chains. This is surprising since the demands for higher 
integration and transparency of supply chains due to sustainability should not exclude 
the physical flow and what is happening in the logistics chain. Integration is a process 
over time where parties provide significant inputs into the service production process 
thus co-creating value in the relationships [1].
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Seeing the supply chain as a network of firms that coordinate their activities to 
deliver the final product according to customer demands means the logistics firms 
and network play a key role [2]. Including transport actors such as road hauliers 
in the understanding of inter-organizational networks, integrated chains and the 
process of integration is increasingly relevant as a supply chain management topic, 
since it influences not only financial performance, but also environmental and social 
outcomes. The basic prerequisites for the integration process are inter-organizational 
collaboration and coordination of the flows of the whole supply chain. The road 
hauliers’ role in the supply chain might be critical and is little investigated. Despite 
that most definitions do not even see these as part of the supply chain, they will have 
large effects on both firms and flows [3]. Logistics firms in general are performing a 
large part of the whole physical flow as suppliers of services in the industrial supply 
chain and are a direct link between the firms in the industrial supply chains [4].

2. Literature

2.1  Road hauliers for efficient, safe, secure and environmentally friendly 
transport in the industrial supply chain

The EU is a single market in which competition, from an economics perspective, 
should create sustainable road transportation that is efficient, safe, secure and envi-
ronmentally friendly. In the road transportation sector, the opportunity for effective 
competition is strongest in road freight transportation, i.e., trucking or road haulage 
[5]. Still, in different countries the enforcement of EU legislation differs, which 
creates different competitive conditions. Leading market actors argue the fragmenta-
tion of the transport industry and other inefficiencies hinder healthy competitiveness 
[6]. The fragmentation implies that conditions decided by the EU are used for “gray” 
advantages in transportation. There are legal and less legal ways of dealing with rules 
on access to the profession and the market, these involve standards for working time, 
driving time and resting periods, the use of vehicle taxes, tolls and costs related to 
using infrastructure [7]. The standard economics perspective does not apply well to 
understanding road haulier competition, because of the industry characteristics of 
heterogeneity and dynamics [8]. The complex web of different types of interfirm 
linkages, networks, and alliances determine to a large extent the competitive condi-
tions. For that reason, we need to understand road haulier competition from the point 
of view of strategic development [9].

From a logistics and supply chain management perspective Christopher [2] 
develops the competitive understanding in three c: customers, company and competi-
tors. Competition is how these actors create value sought by customers. The company 
and the competitor have different resources to utilize, which render cost differentials. 
Thus, a competitive advantage might be gained by service and costs in different 
customer segments.

OECD [5] subdivided the road freight sector into truckload and less-than-
truckload, and national and international trucking. Recent studies elaborate that road 
haulier competitiveness depends on its procedures in calculating costs and transport 
prices [10], and on the optimization of driving and rest periods of drivers and their 
routes [11]. Also, a survey of 300 customers of Hungarian transport services com-
bined with five qualitative interviews explored competitive problems and oppor-
tunities [11]. Strengths of Hungarian hauliers are explained in terms of reliability, 
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customer-friendly attitude, punctuality, flexibility and speed. Customers indicated 
that they would only change haulier if their usual partner lacked capacity or if it was 
an intra-organizational decision of their centralized procurement to change hauliers. 
Important haulier resources are employees, such as drivers, dispatchers, clerks and 
customer service personnel who are often in contact with customers [1, 11].

Christopher [2] argues that supply chains compete with supply chains rather than 
company with company, which means that the value of offers is strongly dependent 
on the combined effect of an integrated supply chain. All types of road haulier busi-
ness, truckload and less-than-truckload, and national and international trucking are 
normally part of the supply chain processes. The industrial supply chain depends on 
its logistics service processes for effectiveness.

2.2 Performance of poorly integrated links

The industrial supply chain procurement function is driving supply network 
development by demands and control functions regarding costs, environment and 
social aspects. The supply chain coordination is of indisputable relevance in terms 
of low costs, responsiveness and sustainability. There seems to be a difference when 
it comes to the procurement of logistics services. Are the services procured custom-
ized services or generic transportation between two locations? The same logistics 
providers offer both types of services with similar resources, which creates doubts 
among the purchasers [12]. Most often the customer knows little about the logistics 
operations that are bought and the complex coordination that is needed for custom-
ized operations [12, 13]. Much literature investigates the competitive advantage 
of logistics providers (see e.g. [14]) rather than the sustainable advantage of the 
integrated relationship.

Wagner and Sutter [15] focus on the relationship and depict it in the degree of 
integration and degree of commitment. More specifically, relationships range from 
single transaction, repeated transaction, partnership agreement, third-party agree-
ment and integrated logistics service agreements. Poor knowledge of the other’s 
operations and a low degree of commitment imply a low degree of integration. 
A higher degree of commitment, obligations, mutual information exchange and 
customization involves higher integration. But such highly committed and integrated 
relationships are rare. Wolf and Seuring [13] argue that buying decisions are made on 
price, while environmental performance is seen as a basic requirement and coopera-
tion is minimal (in line with Mortensen and Lemoine [16]).

Sustainable development is increasingly expected by society as is seen in regula-
tions, economic policy instruments and media. Individual firms in the business 
network, production firms as well as logistics firms, relate to sustainability in their 
strategic visions. This is not necessarily because of competitive reasons, but because 
“of a corporate desire to do the right thing” ([17], p. 526). Transport and logistics 
firms are influenced by their organization, finances (savings), customer demand, 
government support and regulatory pressure, and technology in their decisions to 
develop sustainable performances [18]. Regularly, industrial supply chain firms audit 
their supply network, in order to enforce their supply chain codes of conduct [6, 19]. 
Outsourced logistics services are seen as the responsibility of the logistics providers, 
they have to do a trade-off between low costs and environmental and social perfor-
mances. Opportunities related to higher commitment and integration are mostly 
unrealized [16]. Such opportunities are learning and innovation, improved logistics 
service quality and supply chain effectiveness and performance [15].
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The links between the supply chain and the logistics providers have problems 
(Makelin and Vepsalainen, 1990 in [12]). Regardless of whether the service offer 
is complex or simple the relationships with customers tend to be similar [20]. 
Customers think they have to pay too much for simple operations while they mistrust 
the complex services. The closer relationships in these links are important to logistics 
service providers that build competitive advantage by customer  orientation [14].

On the one hand, logistics service providers need to understand customer’s 
business in order to be competitive, e.g., by knowledge of supply chain and custom-
ers’ operations, to offer shorter lead time, and to offer multiple integrated logistics 
services [14]. On the other hand, industrial actors outsource the responsibility of 
complex transport business [16]. But small independent actors are vulnerable to both 
long-term contracts and take-it-or-leave-it contracts, because of the price pressure. 
They have to take the risk of increased costs, despite minimal margins. To avoid losing 
money, they might increase speed or overload, which negatively influences safety, 
working conditions and environment ([5], p. 114).

In any industrial supply chain road hauliers’ performances are a part of total 
economic, environmental and social performances. This is the case to an increasing 
degree, because of the trend of global production and marketing in which the role of 
logistics in industrial supply chains is intensified. Transporters’ activities are both in 
upstream and downstream supply chain processes. They are involved in the supply 
chain processes so many times that their impact, economic, environmental and social 
most likely is underestimated. Despite this buyer demands are operational, rather 
than strategic. Further, third-party logistics (TPL) providers most important short-
term sustainability challenge is in “balancing sustainability efforts with customer 
expectations for low-priced services” ([17], p. 529).

2.3 A complex web of customers

Road hauliers might be seen as embedded in interfirm cooperative logistics 
networks [8] that take shape in a logistics service supply chain for a long-term or 
short-term contract. The industry has specific competitive dynamics compared to 
other mature industries. The Danish trucking industry did not end up in only big 
companies, as was expected, due to economies of scale [8]. In Denmark, the industry 
was involving some large hauliers, some smaller specialized and flexible hauliers 
relying on their network linkages, and many small hauliers and independent owner-
operators serving the industrial supply chain customers as well as other hauliers [8]. 
This is in line with Cui & Hertz [4] outlining the logistics service supply chain to 
include hauliers, logistics intermediary and TPL firms.

Existing logistics literature mainly distinguishes logistics firms in terms of service 
offerings. Hauliers provide routine transport services, moving material from point A 
to point B [4, 12]. Logistics intermediary firms perform standard freight forwarding 
services and their major roles are consolidating flows [21]. TPL firms provide a bundle 
of customized services including warehousing, transportation and value-added 
activities for effectiveness and efficiency in industrial supply chains [9, 22–25].

However, the existing literature seldom focuses on the many complex interac-
tions of the industrial supply chain and the logistics firm network. The many and 
simultaneous interactions imply huge effects of how transportation is executed 
[26]. The logistics firm network is in flux as different types of logistics firms invest 
their resources in different areas and develop their capabilities in various ways. 
Logistics firms mostly outsource part of the physical performance to other firms in 
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the network. For example, TPL firms normally outsource the performance of their 
transport and consolidation to different destinations to intermediaries like freight 
forwarders while the freight forwarder in turn normally outsource to road hauliers 
[4]. The many different types of inter-firm linkages, networks, and alliances cre-
ate specific competitive dynamics based on the need for complex coordination [8]. 
Thus, the customer of the road haulier might be a freight forwarder, a TPL firm, or 
an actor of the industrial supply chain. Outsourcing logistics often implies better 
performance through specialization in the supply chain. However, worse perfor-
mance that influences both the logistics supply chain and shippers in the industrial 
supply chain may occur.

The high-quality transport services are characterized with:

a. Availability and completeness of services rather than damage from incomplete 
services [27].

b. Customer information service level based on complete awareness of customers’ 
and the properties of services [27].

c. Reliability and uninterrupted operation of transport [27].

d. Delivery speed and avoidance of excessive delivery time [27].

e. Cargo safety during transportation [27].

f. Observance of traffic safety requirements [27].

g. Eco-friendliness of transportation avoiding environmental degradation [27].

In this way transport services in the logistics service supply chain and the indus-
trial supply chain will impact the supply chain performance.

2.4 Road hauliers in the logistics service chain

There is a recent interest in the value-creation of TPL firms’ offers to the industrial 
supply chain [9, 25] and in the competitive advantages of road hauliers [10, 11, 27, 28]. 
A typical challenge for competitive high-quality transport services reported from 
Central Asia, such as Uzbekistan are the necessity of regional cooperation to manage 
border disputes, common infrastructure, trade and communications, and security 
concerns that are regulated in agreements. The agreements are however not complied 
with and involved actors are treated as instruments serving political interests of 
member states rather than the interest of businesses [27].

Outsourcing important resources such as vehicle fleets and drivers enables and 
influences Croatian road hauliers’ differentiation strategies such as differentiation 
of services, price differentiation, image differentiation, technological differentia-
tion, and staff differentiation [28]. Yarashova and Hoshimov argue that the effective 
competitive transport system depends on high-quality transport services, high-
performance safe vehicles and transport infrastructure, and conditions that foster the 
development of transport services [27].

Different logistics firms are categorized based on capabilities in operating a logis-
tics service system in the logistics service chain [4]. The road hauliers main capability 
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is seen as efficiency in moving products from one location to another in the physical 
flow. Their most important resources based on costs are often drivers, fuel and trucks.

Drivers are an important resource for the haulier [29]. They are meeting the 
customers or customers’ customers and are ensuring both the timely delivery and the 
quality of the services. They also meet the authorities, such as customs and traffic 
police. Drivers’ competence about how to drive influence fuel consumption, acci-
dents, and environment [5, 30].

Haulier firm competence is to a large extent in coordinating drivers, trucks and 
service activities. They strive to improve driver retention, cost structure, and profit-
ability [23]. They cooperate with each other and other logistics providers horizontally 
and vertically [8, 31, 32]. Logistics firms’ efficiency is related to their use of trucks 
and other logistics resources, and effectiveness is related to their belonging in a 
transportation network, in a supply chain and in the wider business network.

Freight forwarders and TPL firms coordinate, such as consolidating several physi-
cal flows for a full truck to a destination and back home from that destination [4]. 
Freight forwarders and TPL firms’ most important resources include relationships, 
warehouses, information and competence required to integrate resources, in order 
to integrate an efficient logistics service system [14]. A strategic perspective of TPL 
providers is defining TPL providers as value-cocreating relationships that can help 
manage the complexities of logistics services [1, 25].

Road hauliers might be differentiated in terms of their competences [33]. From 
low abilities in general and in problem-solving, a type of transaction-orientated 
relationships for low-cost objectives to a high general ability and problem-solving 
competence, which is needed in customer solutions. Innovative services towards 
fewer customers in intense working customer relationships are paid higher rates per 
mile [34]. The more innovative services are about developing complementary services 
for customers, adapting to specific customers and insourcing their logistics activities, 
and developing customer logistics operations.

2.5 Research questions

Figure 1 illustrates the complex web of interconnections between the industrial 
supply chain and the different layers of the logistics network that are of importance 
in an analysis of how competitive road hauliers influence the industrial supply chain 
performance. There are two different networks of firms, one is the industrial supply 
chain and the other is the network of logistics service firms performing the services 
needed for the industrial supply chain to operate effectively. Road haulier customers 
are partly from the supply chain and partly from the logistics service network. The 
transport markets are regulated in multiple dimensions such as working hours, safety 
and technical standards. Changes in conditions, rules and regulations influence the 
competition between the different logistics firms. Based on road hauliers, their condi-
tions, and their direct and indirect business relationships, we might now elaborate the 
purpose how competitive road hauliers influence the industrial supply chain perfor-
mance in three research questions:

• RQ 1 How do competitive actors in road transportation affect integration and compe-
tence in the logistics services chains?

 Based on the theoretical framework, less integration is likely in low-com-
mitted relationships where the parties have little knowledge of the others’ 
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operations [15]. Then also the ability of problem solving and competence 
to adapt to  customers and develop customer solution will decrease and 
services offered are routine and standard services [12, 29]. Rules involve 
access to the profession and the market, standards for working time, driving 
time and resting periods, vehicle taxes, tolls and costs related to using the 
infrastructure.

• RQ2 What are the implications of competitive actors in road transportation on 
 effectiveness and efficiency in the logistics services chain in terms of sustainability?

 The effectiveness and efficiency of a logistics service supply chain require 
specific competence in customer’s operations [8, 14] and an orientation towards 
sustainability including ways to balance environment and social concerns with 
low costs service deliveries [15, 17, 23]. Integration implies that involved actors 
have organizational ambitions to develop sustainability (economic, environ-
mental and social performance) [6, 10, 11, 17–19].

• RQ3 What are the implications of competitive actors in road transportation on integra-
tion and sustainability in industrial supply chains?

 The industrial supply chain actors’ supply chain codes of conduct take 
 responsibility for also the logistics service chain [6, 19]. Integration in 
between these different chains is a process over time where parties provide 
significant inputs into the service production process thus co-creating 
value in the relationships [1]. Road haulier performance can be expected to 
influence not only financial performance, but also environmental and social 
outcomes.

Figure 1. 
The industrial supply chain and the logistics service chain.
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3. Method

The connection between competition in the logistics network and the final 
performance of the industrial supply chain is necessarily complex, difficult to trace 
and subject to numerous other influences. This is not a subject that has been studied 
extensively placing us in a context of discovery.

The empirical material in this paper is based on a large collaborative project 
with a heavy vehicle manufacturer giving access and opening doors to logistics 
supply chain actors’ business. This is a fit with the purpose since we are in an 
explorative setting and aim for useful interpretation rather than testing, ending 
with suggestions and proposals rather than final conclusions. The project ran 
from 2012 until the end of 2016, however we have continued researching logistics 
service firms.

Primary data is from two different markets, Sweden and Poland; focusing on the 
operations of the logistics firms and is the basis for Firms 1–4 (Table 1). In total 39 
semi-structured interviews have been carried out with managers from the vehicle 
manufacturer, dealers, freight forwarders and buyers of the trucks. The majority 
of the interviews have been recorded and then transcribed. Where this was not 
possible notes were taken during and directly after the interviews and completed 
by other researchers present for the interviews. Interpretations and initial findings 
have been presented back to a workshop of industry participants for discussion and 
re-interpretation.

We introduce four illustrative case firms from the empirical material, in order to 
analyze how competitive road hauliers influence the industrial supply chain perfor-
mance. All four firms represent a stable and growing business and they have been 
chosen because of their different strategic actions.

The strength of the study is the width of empirical data and different sources 
enabling us to cover substantial ground of the complex phenomenon, further discussed 
in Näslund et al. [35] on the basis of quality criteria from Lincoln and Guba [36]. The 
number of cases has had to be balanced to give some variation but cannot reasonably 
cover all the different varieties of road hauliers. However, a crucial point for the present 

Cases: 
Differentiation 
by the firm

Firm 1: 
Customization

Firm 2: 
Customization and 
sustainability

Firm 3: 
Customization 
and low costs

Firm 4: Service 
development

Ownership/size Private, 2 
employees

Large multinational, 
500 trucks and 750 
drivers

Family firm, 
105 drivers

Family firm, 
170 drivers, 60 
semitrailer, 60 lorries.

Customers Drive full 
trucks for one 
customer

Many customers, 
some very large

Connected to 
a large freight 
forwarder

Many big customers 
in Western Europe

Industry Water/
sanitation

Construction, 
pharmaceutical and 
others

Bulk 
transports, 
petrochemical, 
construction as 
second market

Automotive parts, 
various special 
transports to Russia

Table 1. 
Case studies.
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chapter is that we do not claim strong connections or conclusions but rather open up for 
proposals and observations that must be explored further in subsequent research.

4. Case firms

4.1 Firm 1—Customization

This Swedish family business with long experience in road haulage concentrates on 
distribution for one single customer in Sweden. The customization is to a water and 
sanitary wholesaler and retailer with special demands on time for deliveries, trans-
parency and a crane as special equipment. There is a close relationship is to the final 
customer. The customer has high demands on delivery precision as they deliver to the 
construction industry. Much of what is delivered is bulky. The customer demands are 
that the firm should be environmentally friendly but is not willing to pay extra for it. 
They have an index clause to safeguard them against large increases in costs.

Managers at Firm 1 schedule the deliveries following Swedish rules on working 
hours. They are aware of the importance of driver’s competence. The drivers are 
trained in how to drive and behave. Management has regular check-ups with the driv-
ers. The firm is facilitated in its customization by a relatively close contact with the 
truck supplier and use premium brand trucks only. The contact is even closer to the 
serviceman in the workshop of the truck supplier.

4.2 Firm 2—Customization and sustainability

This large multinational firm does TPL, freight forwarding and trucking services, 
but the three services are separated organizationally. All services are discussed in 
terms of sustainability. The domestic trucking organization in Sweden has a close 
relationship with a few dominating customers. One is a big wholesaler for the con-
struction industry and the other is a drug wholesaler distributing to pharmacies. 
There is a need not only for fixed routes and specific handling. There are higher 
demands for quality and precision in deliveries. The drivers for the new trucks are 
trained both in how to handle the different types of goods such as drugs with specific 
demands on temperature-controlled transports, safety and the condition of the 
trucks. There are specific rules and regulations for the transport that the customer, 
trucking organization and drivers have to follow.

The differentiation in terms of customization and sustainability is facilitated by a 
good relationship with the supplier of trucks. The majority of maintenance and repair 
is done by the brand workshop. The latest trucks are of high brands, more eco-friendly 
and sustainable new models. They have also bought special training programs for their 
trucks and drivers to be sustainable. The company is ISO 14001 certified.

4.3 Firm 3—Customization and low costs

The firm is a Polish road haulier which is growing fast and is ISO certified. The 
firm specializes in bulk transport. The majority i.e., 75% of their customers are 
national within the construction industry and 25% are international transports for a 
petrochemical producer, who delivers to the west coast of Sweden. The petrochemical 
customer requires that the Polish firm is certified for transporting (both truck and 
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equipment) their goods i.e., understanding the necessary conditions for the goods 
and the truck. This gives the trucking firm a closer relationship to the petrochemical 
producer but also their two partners in Sweden and Norway since the whole chain 
has to be certified for handling this type of goods. As for the domestic construction 
industry customers demand lower costs but settle for older trucks and specialized 
bulk equipment.

Through the certification the driver has to have competence about the process and 
the certification including cleaning, control, etc. The Polish haulier has fleet manage-
ment programs which enables management of how the transports are performed. 
Furthermore, to get the driver to perform in a better way they go through programs 
learning how to drive, in order to reduce fuel. Most of the drivers have worked for 
over 10 years in the firm.

The firm has a close relationship with a premium brand supplier of trucks from 
which they lease the trucks on a five-year basis. The new trucks are used for the pet-
rochemical industry. When the trucks are paid off they are used for the construction 
industry at a much lower cost. Thus, the firm combines customization to one segment 
and low costs to another. Special discounts through the freight forwarders give them a 
reduction on costs for fuel on the European market. The customer of petrochemicals 
specifically has high demands on the environment and safety specifically since the 
effects of accidents or loss of control can be costly and serious.

4.4 Firm 4—Service development

The Polish firm has developed from a trucking firm to include also a freight 
forwarder part. In the last three years they have started to outsource several services 
to other firms. For example, they use six different small trucking firms, which has the 
advantage that these use less workshop capacity. They have their own workshop with 
25 mechanics. Most of the employees have worked for the firm a long time.

Their main market is transports to Russia in which risks and uncertainties are seen 
as high. Many of their Western European customers including freight forwarding 
firms are using them specifically for their quality and knowledge about the Russian 
market. The firm has ISO qualifications (such as 9001 and 14001). They also have 
24-hour supervisory staff and are monitored by a security agency to guarantees 
safekeeping of goods. Due to the risks insurance is a big problem. The firm offers 
certain guarantees to their customers (up to 300.000 dollars). It has recently set up a 
new subsidiary in Germany to facilitate the transports to Russia in order to continue 
to develop the Russian service. The specialization of transports to Russia was studied 
before the war of 2022.

The drivers are very important, 30% are from Belarus or Ukraine and the remain-
der are Polish. They have special demands on the drivers that drive to Russia. They 
have to be able to handle both money, communication in Russian and to negotiate. 
It takes time to train a new driver for this type of assignment. Not only do they have 
to know about customers’ demands, handle security but also to learn about customs, 
different types of border crossing problems. Experienced drivers do not need the 
services of dispatchers. The drivers get awarded with IRU certificate of merit if they 
have driven over a million km and 10 years without accidents.

An advantage of driving in Russia is the lower cost of fuel (about 50% of the Polish 
costs). They have a relatively close relationship with the suppliers of trucks. They have 
a KPI on fuel consumption. They are now upgrading their fleet of trucks, which gives 
higher sustainability.
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4.5 Road hauliers as competitive actors

Case firms show costs and service differences, i.e., value differences in their ser-
vice offerings by making use of resources and competences. The market is heteroge-
neous with standardized or customized services on domestic or international routes. 
Dynamics are an important characteristic in that logistics and transport cannot fully 
be controlled, because of weather and congestion. The complexity is another impor-
tant characteristic of the services offered, not only because of the heterogeneity and 
dynamics but because the cost of a trip depends not only on miles but on how the trip 
fits with other jobs.

The EU market is competitive in that many firms offer their services at an 
extremely low cost. Differences in salaries, working conditions and fuel between the 
Western and Eastern EU countries can be more than 50%. Therefore, these firms can 
compete with lower costs, skilled drivers and high competence of the firm.

Low costs can also be achieved by violating rules, tax crimes, theft of fuel, etc. 
Even though buyers of transport services demand high-quality services their control 
and insight are limited.

Table 2 summarizes the differences of the cases of differentiation strategies. 
The competitive variables we use are high, medium, and low. High implies they are 
pro-active in that variable, medium implies they are re-active in that variable, and low 
implies adverse. Firms 2, 3, and 4 are interesting in that they combine customization 
with precise specializations.

Customer-specific demand relieves price pressure. We found that smaller hauli-
ers in Europe adapt to the customer in terms of equipment, delivery times, behavior, 
competence demands and service level. The road haulier can be successful in spite 
of fierce competition, because of drivers, competence and specific advantages. The 
customer is prepared to pay for differentiated services. The most common situation 
is when customers have special requirements and cannot use the standard selection 
of trucks. Customer investment is increasing integration in the value co-creating 
relationships. This also implies that the road haulier takes on part of the freight-
forwarder or TPL role.

Common characteristics of the four differentiation examples firms are coping with 
the problematic competition and are stable or growing. They all have loyal personnel 

Firm 1: 
Customized

Firm 2: Customized/
sustainability

Firm 3: Customized/
low cost

Firm 4: Service 
developer

Customer 
relationship

high high high/low medium

Supplier 
relationship 
(equipment)

medium high high/low medium

Driver 
competence

high high high/low high

Sustainability med high/medium high/medium high

Domestic/
International

Dom Dom Int/dom Int

Table 2. 
Competitive actors’ differentiated customer solutions.
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and have been in business for a relatively long time. Knowledge seems to be important 
both for management and drivers. They take good care of their vehicles and have close 
relationships with their customers. Sustainability is important especially as a cost 
saving of fuel consumption or if the customer so demands. However, it seems that 
customers and drivers are of key importance for customer satisfaction.

5. Analysis and discussion

5.1  Competitive road hauliers affecting the integration and competence in the 
logistics services supply chains

It seems that rather than move towards higher integration there is a continual 
adaptation of integration to fit prevailing conditions. There are small hauliers in 
Europe that combine offerings of e.g. standardized services at low costs, adaptive or 
developing innovating solutions. Integration is low and especially in the short-term 
market relationships seem to be more transactional. To a large extent these relation-
ships seem to be connected to other logistics firms buying their services. The integra-
tion is low between them and the industrial supply chain.

For competence in the logistics supply chain, we can make use of the differentia-
tion of standardized and developing solution offerings of road hauliers [29]. In the 
cases we follow it seems to be more of a combination of the standardized offering 
based on low cost and efficiency and a more developed innovative approach. They 
seem to use part of their business for adaptive or innovative services. Hauliers make 
use of the advanced new trucks in the first years in an adaptive or even innovative 
way. Then they use the older trucks already paid for standardized low costs assign-
ments. Competence is also increasing for chosen differentiation strategies such as 
particularly demanding customers, specific markets or new services such as freight 
forwarding or even TPL. The logistics service chain has more fluid roles than the 
industrial supply chain.

5.2  Implications of competitive actors in road transportation on effectiveness  
and efficiency in the logistics services chain in terms of sustainability

Logistics supply chain actors that act as service developer and customer devel-
oper, i.e., Firm 4 and Firm 2 are pro-active to develop services and relationships. 
These are important actors for industrial supply chain effectiveness. In order to be 
sustainable, the industry has to make sure all suppliers in their supply chain work 
in a sustainable way, which is problematic for anonymous transport providers 
from far away. Logistics firms outsource to a large extent to each other in what can 
be described as a complex web [3, 8]. Low commitment among industrial actors 
and low degree of competence of different logistics competences hinder effective 
solutions. Even if demands on environmental and social standards are included in 
contracts it is the logistics providers that need to operationalize and balance these 
demands in relation to costs (in line with [17]).

In the differentiation examples the hauliers have close customer relationships 
and loyal drivers, much in line with what Voss et al. [30] explain to be survival 
techniques. The integration of the firm in the logistics service supply chain is high. 
The final customer knows them and their drivers. The integration is high between 
the logistics chain and the industrial supply chain. Summarizing differentiated 
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solutions, drivers are not allowed to sacrifice road safety, and their own working 
conditions, in order to deliver goods on time. Regardless of legal responsibility, the 
moral concerns of big industrial actors (transport buyers) are written in codes of 
conduct but supplier development programs that are common in their network of 
product suppliers are not implemented towards logistics providers. Professional and 
ethical transport service suppliers attract equally professional and ethical buyers 
which in turn leads to a more sustainable logistics service chain because demands 
from customers, legal authorities and even employees are more likely to be fulfilled 
[1, 6, 19].

5.3 Implications for integration and sustainability on industrial supply chains

Supply chain interdependencies connect the industrial and the logistics supply 
chains. The chain is not stronger than its weakest link. The degree of integration and 
supply chain orientation determines supply chain effectiveness. Yet supply chain 
management scholars have not elaborated on the lack of integration in between 
the supply chain network and the logistics chain network (in line with [3]). Supply 
chain management practitioners are hesitant to engage in strategic relationships with 
logistics service providers. The logistics service providers collaborate with other 
logistics providers and governmental agencies because the customers want to avoid 
close relationships [17].

Several of our cases improve environmental performance by agreeing with cus-
tomers that the fleet shall be eco-efficient. The hauliers have better opportunities to 
keep and attract good drivers because of investments in modern vehicles. The hauli-
ers’ customization activities foster sustainability in the service production process 
[1]. Hauliers service development for example developing freight forwarder services 
foster social sustainability in the network of the logistics service chain.

A basis for developing value creation of transport services is the relationship. The 
consequential benefits of the relationship are in the recognition of the importance of 
logistics and transport and its role in supply chain sustainability. Figure 1 illustrates 
the magnitude of links and relationships in the total industrial supply chain where the 
logistics service chain is connected. Customer demands are more deeply understood 
when there is direct contact with the industrial customers, this might be in terms of 
vehicles, schedules or ways of operating. In this way integration increases the sustain-
ability of the industrial supply chain. The competence of transport buyers is a vehicle 
to leverage sustainability. Competence needed is in challenges and opportunities 
related to e.g., performance of vehicle fleets, recycling, energy conservation, and 
reduction of carbon footprint [17].

6. Conclusion and further research

Successful and growing road hauliers contribute to improved sustainability in 
the logistics supply chain as well as the industrial supply chain. In the present study, 
we see how four road hauliers differentiate their service offers. The differentiation 
influences industrial supply chain performance directly in terms of price, cost, and 
service, as seen in the relationship’s links in Figure 1. The impact of the services adds 
up because they are offered in different steps of the industrial supply chain. Where 
sustainability audits are carried out consistently, performance also improves through 
better engines, driver training and EU working hour regulations.
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Figure 1 shows the main connections between the industrial supply chain and 
the logistics chain. The findings of this study illustrate some of the possible strategic 
moves for hauliers, but also the complexity and flexibility of some of the roles espe-
cially in the logistics chain.

Future research about road hauliers can depart from their role in the logistics 
service supply chain and also their role in the industrial supply chain. One future 
research question could be how road hauliers increase competitiveness and grow by 
combining their existing services through adding services of a freight forwarder or a 
TPL. They are making use of their existing knowledge as a road haulier of a specific 
market. It would be of interest to study how could this influence the other roles of the 
logistics service supply chain. In turn, what are the consequences of such dynamics in 
the logistics service chain for the industrial supply chain?

Another topic of interest for future studies is how a road haulier can success-
fully offer both low-cost standardized services and at the same time offer highly 
advanced services demanding high competence of drivers and personnel and close 
customer contacts? One of the firms studied met the competition by offering both 
advanced bulk services and highly competent drivers and offering low-cost standard-
ized services by making use of their older equipment. What are the effects of such a 
combined strategy on differentiation, for example in terms of image?
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Chapter 6

Resilient Supply Chain in
United Arab Emirates
Shankar Subramanian Iyer and Ameeta Rawool

Abstract

Supply chain disruption refers to any event or occurrence that interrupts the flow
of goods or services from suppliers to customers. This disruption can have a signifi-
cant impact on businesses and can lead to delays, shortages, and increased costs. To
mitigate the impact of supply chain disruptions, businesses can take several steps.
These include diversifying their supplier base, maintaining safety stock levels,
investing in technology to improve supply chain visibility, and developing contin-
gency plans for dealing with disruptions. In addition, businesses can work with their
suppliers and customers to build stronger relationships and improve communication
and collaboration. This can help to identify potential issues early and allow for more
effective problem-solving when disruptions do occur. Overall, supply chain disrup-
tion is a significant challenge for businesses, but with careful planning and proactive
measures, it is possible to minimize the impact and maintain business continuity. The
mixed methodology used in the research to capture the expertise opinions and the
stakeholder’s expectations of the Supply chain and its necessity to be resilient.

Keywords: supply chain, resilience, business continuity, UAE logistics, integrated
transportation

1. Introduction

A resilient supply chain is one that is able to withstand and quickly recover from
disruptions or unexpected events. It is a supply chain that has been designed to be
flexible, agile, and adaptable, with the ability to quickly respond to changes in
demand, supply, and market conditions. A resilient supply chain is able to continue
functioning even in the face of unexpected events such as natural disasters, economic
disruptions, or geopolitical changes. This is achieved through a combination of strat-
egies such as redundancy in supply sources, inventory management, contingency
planning, and communication and collaboration with suppliers, customers, and other
stakeholders. The ability to quickly adjust to changes in demand, supply, or market
conditions. The presence of multiple sources of supply or inventory to mitigate the
impact of disruptions. The ability to track and monitor the movement of goods and
materials throughout the supply chain [1]. Close communication and collaboration
with suppliers, customers, and other stakeholders to identify potential risks and
develop contingency plans. The ability to quickly adapt to changes in the business

135



environment and to implement new processes or systems as needed. By building a
resilient supply chain, businesses can minimize the impact of disruptions and main-
tain business continuity, even in the face of unexpected events. A resilient supply
chain depends on several factors to ensure its effectiveness. Having multiple suppliers,
manufacturing facilities, or distribution centers can help mitigate disruptions. If one
location or supplier is affected, alternative options can be utilized to maintain the flow
of goods [2]. A supply chain should be adaptable to changing circumstances. For
example, having multiple suppliers for essential components or maintaining extra
inventory levels can help ensure a continuous flow of materials and minimize the risk
of disruption. This includes being able to quickly adjust production levels, switch
suppliers, or modify transportation routes when necessary. This includes having
alternative sourcing options, agile production capabilities, and the ability to quickly
reconfigure distribution networks [3]. By being flexible, organizations can quickly
adjust their operations to mitigate disruptions and maintain customer satisfaction.
Having real-time visibility into the entire supply chain allows for better tracking and
management of inventory, orders, and shipments. This helps identify potential bot-
tlenecks or risks, allowing for timely actions to be taken [4]. Real-time data and
analytics enable organizations to proactively identify potential disruptions and take
appropriate actions to mitigate their impact. Building strong relationships and part-
nerships with suppliers, customers, and other stakeholders is essential. Collaborative
efforts can lead to improved communication, shared information, and collective
problem-solving during disruptions. Identifying and evaluating potential risks is cru-
cial in building a resilient supply chain. Assessing both internal and external risks,
such as natural disasters, geopolitical issues, or market fluctuations, helps in develop-
ing effective mitigation strategies [5]. By working together, organizations can leverage
each other’s strengths and resources, enhancing overall supply chain resilience.
Leveraging technology solutions like advanced analytics, artificial intelligence, and
automation can enhance supply chain resilience. These tools provide valuable insights,
streamline processes, and enable faster decision-making. A resilient supply chain
requires constant evaluation and enhancement. Regularly reviewing performance,
analyzing past disruptions, and learning from them can help identify areas for
improvement and lead to more robust operations. By considering and implementing
these factors, businesses can build a resilient supply chain that can withstand various
challenges and ensure continuity of operations and organizational resilience relies
heavily on role-modeling behaviors [6]. This includes proactive risk assessment,
implementing risk mitigation measures, and establishing contingency plans. Effective
risk management enables organizations to anticipate and address potential disruptions
before they occur. Most Employees are encouraged by a few credible and high-profile
individuals in a company demonstrating resilient behaviors. Supply chain disruption
can occur due to a variety of factors, including natural disasters, political instability,
labor strikes, transportation issues, and supplier bankruptcy. In recent years, the
COVID-19 pandemic has also caused significant supply chain disruptions, with many
businesses struggling to source raw materials and finished products due to factory
closures and shipping delays. Resilient supply chains prioritize a culture of continuous
improvement, embracing innovation, and adapting to changing market dynamics.
Technology integration refers to the incorporation of digital tools and technologies to
enhance the efficiency, visibility, and agility of supply chain operations. This includes
the use of advanced analytics, automation, Internet of Things (IoT), artificial intelli-
gence (AI), and cloud computing. Technology integration enables organizations to
streamline processes, improve decision-making, and respond quickly to disruptions in
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real-time. These factors work together to enhance the ability of organizations to
withstand disruptions, recover quickly, and maintain operations while ensuring cus-
tomer satisfaction [7].

Resilience can be nurtured through various individual behaviors. One important
aspect is the ability to persevere in the face of adversity, showing determination to
overcome challenges. It’s also beneficial to exert effort and practice regularly, as these
actions contribute to personal growth. Additionally, cultivating self-helping thought
patterns and offering support and mentoring to others can enhance resilience. Leading
with integrity, engaging in open communication, and demonstrating decisiveness
further contribute to building resilience [8].

1.1 Research scope

The research scope for the study on “Resilient Supply Chain” will focus on analyz-
ing the factors and strategies that contribute to the development and implementation
of resilient supply chains. The study will explore various industries and sectors to
understand the challenges faced and the best practices employed to ensure supply
chain resilience. It will also investigate the role of technology and collaboration in
enhancing supply chain resiliency.

1.2 Research questions

1.What are the key factors influencing the resilience of supply chains in different
industries?

2.How does technology integration contribute to the development of resilient
supply chains?

3.What are the challenges and barriers faced by organizations in implementing
resilient supply chain practices?

1.3 Research objectives

1.To identify and analyze the factors that contribute to the resilience of supply
chains in different industries.

2.To investigate the role of technology integration in enhancing supply chain
resilience.

3.To explore the challenges and barriers faced by organizations in implementing
resilient supply chain practices.

2. Literature review

Individual level factors such as mindset, commitment, family background, com-
petencies, education, and technology savvy play a crucial role in influencing a resilient
supply chain. Having a resilient mindset involves being adaptable, flexible, and
possessing a positive attitude towards challenges. Individuals with a growth mindset
are more likely to embrace change, learn from failures, and find innovative solutions
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to problems. This mindset encourages individuals to view disruptions as opportunities
for growth and improvement, thereby contributing to a resilient supply chain. Resil-
ience requires commitment from individuals to prioritize and invest in the necessary
resources and actions to withstand and recover from disruptions [9]. This commit-
ment involves a strong dedication to continuous improvement, risk management, and
the willingness to go the extra mile to ensure the smooth functioning of the supply
chain. Family background can shape an individual’s resilience by providing a support-
ive environment that fosters resilience-building qualities such as perseverance, deter-
mination, and problem-solving skills. Growing up in a family that values resilience
and encourages learning from setbacks can enhance an individual’s ability to with-
stand disruptions and contribute to a resilient supply chain. Individual competencies,
including technical skills, problem-solving abilities, and decision-making skills, are
crucial for building resilience in the supply chain. Competencies such as effective
communication, critical thinking, and collaboration enable individuals to proactively
identify and address potential risks, make informed decisions, and work together effec-
tively during times of disruption [10]. Education plays a significant role in developing
the knowledge and skills needed to navigate complex supply chain challenges. Individ-
uals with a strong educational background in supply chain management, logistics, risk
management, and related fields are better equipped to understand the dynamics of the
industry, anticipate potential disruptions, and implement proactive measures to miti-
gate risks. In today’s digital era, being technologically savvy is vital for a resilient supply
chain. Individuals who are familiar with emerging technologies, such as artificial intelli-
gence, Internet of Things, and data analytics, can leverage these tools to monitor and
analyze supply chain data, identify vulnerabilities, and implement proactive measures
to enhance resilience [11]. Technology-savvy individuals can also adapt quickly to
digital transformations and leverage digital platforms for effective communication and
collaboration during disruptions. In summary, individual level factors such as mindset,
commitment, family background, competencies, education, and technology savvy all
contribute to building a resilient supply chain. By fostering these qualities and investing
in continuous learning and improvement, individuals can play a critical role in ensuring
the resilience and long-term success of the supply chain [12].

Organizational level factors, including organization culture, technology infra-
structure, top management involvement, resources availability, collaboration and
partnership, and competitive advantage, significantly influence a resilient supply
chain. A resilient supply chain requires an organizational culture that promotes
adaptability, agility, and a proactive approach to risk management. A culture that
values continuous learning, innovation, and collaboration encourages employees to
embrace change, identify potential disruptions, and implement necessary measures to
mitigate risks promptly [13]. Robust technology infrastructure is essential for building
a resilient supply chain. This includes implementing advanced supply chain manage-
ment systems, data analytics tools, and other digital technologies that enable real-time
monitoring, predictive analytics, and effective communication across the supply
chain. A reliable technology infrastructure ensures transparency, improves decision-
making, and enables quick responses to disruptions. The involvement and support of
top management are crucial for establishing and maintaining a resilient supply chain
[14]. When top management is actively engaged in risk assessment, decision-making,
and resource allocation, it signals the importance of resilience throughout the organi-
zation. Their commitment and leadership help drive a culture of resilience and ensure
that necessary resources and strategies are in place to handle disruptions effectively.
Adequate resources, including financial, human, and technological resources, are vital
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for building and maintaining a resilient supply chain. Sufficient financial resources
enable investments in technology, training, and risk mitigation strategies [15]. Human
resources with the right skills and expertise are essential for identifying and managing
risks effectively. Availability of advanced technology and tools helps in monitoring
and responding to disruptions promptly. Collaboration and partnerships with sup-
pliers, customers, and other stakeholders are crucial for building a resilient supply
chain. Collaborative relationships facilitate the sharing of information, resources, and
best practices, enabling a collective response to disruptions. Partnerships can also help
in diversifying the supply base, sharing risks, and accessing alternative sources during
disruptions. Building a resilient supply chain provides a competitive advantage in the
market [16]. Organizations that prioritize resilience can effectively manage disrup-
tions, reduce downtime, and recover faster, thereby maintaining customer satisfac-
tion and loyalty. A resilient supply chain allows organizations to capitalize on market
opportunities and gain a competitive edge over competitors who may struggle to
adapt during disruptions. By focusing on these factors, organizations can enhance
their ability to withstand disruptions, maintain operational continuity, and thrive in a
rapidly changing business environment [17].

National level factors, including policies, trade agreements, threats, national ini-
tiatives, and international commitments, play a significant role in influencing the
resilience of a supply chain. National policies related to trade, transportation, logistics,
and risk management have a direct impact on the resilience of supply chains. Policies
that promote transparency, collaboration, and risk mitigation measures can enhance
the resilience of supply chains. For example, regulations on supply chain transparency
and traceability can help identify and address vulnerabilities, while policies that pro-
mote investment in infrastructure and technology can improve the overall resilience
of supply chains. Trade agreements between countries can affect the resilience of
supply chains. Agreements that facilitate the movement of goods, reduce trade bar-
riers, and promote stable and predictable trade relations can enhance the resilience of
supply chains [18]. By reducing trade restrictions and promoting cooperation among
nations, trade agreements can enable organizations to access diverse markets, sup-
pliers, and resources, reducing dependency on a single source and enhancing resil-
ience. National-level threats, such as natural disasters, political instability, terrorism,
and pandemics, can significantly impact the resilience of supply chains. Governments
play a crucial role in managing and mitigating these threats by implementing risk
management strategies, providing emergency response plans, and supporting recov-
ery efforts. Effective government interventions and preparedness can help minimize
the impact of threats on supply chains and facilitate faster recovery [19]. National-
level initiatives aimed at fostering resilience in supply chains can have a positive
impact. Governments may launch initiatives to promote research and development,
invest in critical infrastructure, and provide financial incentives for businesses to
adopt resilient practices. Such initiatives can encourage organizations to proactively
invest in risk management strategies, strengthen their supply chains, and build resil-
ience. International commitments, such as agreements related to sustainability, cli-
mate change, and disaster management, can influence the resilience of supply chains.
Organizations that align their strategies with international commitments and guide-
lines are more likely to prioritize resilience and adopt sustainable practices. By partic-
ipating in international efforts, countries can share best practices, exchange
information, and collaborate on building resilient supply chains. These factors can
enhance the resilience of their supply chains, minimize disruptions, and foster sus-
tainable economic growth [20].
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The environmental level of integration of global systems, COVID times, lack of
alternatives, carbon footprint, CSR initiatives, and overdependence on China all have
significant impacts on the resilience of a supply chain. The interconnectedness of
global systems, including transportation, communication, and technology networks,
has both positive and negative implications for supply chain resilience. On one hand,
global integration allows for efficient movement of goods, access to diverse markets,
and availability of resources. However, it also increases vulnerability to disruptions.
For example, a disruption in one part of the world can quickly propagate through
global supply chains, affecting multiple countries and industries [21]. Therefore, the
level of integration in global systems can significantly influence the resilience of
supply chains. The COVID-19 pandemic has demonstrated the vulnerability of supply
chains to unexpected shocks. Lockdowns, travel restrictions, and disruptions in pro-
duction and transportation have severely impacted global supply chains. The pan-
demic highlighted the need for agility, flexibility, and risk mitigation strategies in
supply chain management. Organizations have been compelled to reassess their
sourcing strategies, diversify suppliers, and invest in digital technologies to ensure
continuity and resilience in the face of future crises. A lack of alternatives in terms of
suppliers, transportation routes, or sourcing options can reduce the resilience of a
supply chain. Relying heavily on a single supplier or a specific region increases the risk
of disruptions [22]. For example, if a natural disaster or political instability occurs in
that region, it can lead to shortages and disruptions in the supply chain. Having
alternative suppliers, transportation modes, and sourcing options can help mitigate
such risks and enhance supply chain resilience. The carbon footprint, or the amount of
greenhouse gas emissions produced in the supply chain, is an important consideration
for resilience. Climate change and environmental concerns have led to increased
regulations and consumer demands for sustainable practices [23]. Organizations that
fail to reduce their carbon footprint may face reputational damage, legal conse-
quences, and supply chain disruptions. Embracing sustainable practices, such as using
renewable energy, optimizing transportation routes, and reducing waste, can enhance
the resilience of supply chains in the long run. Corporate social responsibility (CSR)
initiatives, including ethical sourcing, fair labor practices, and community engage-
ment, can impact supply chain resilience. Organizations that prioritize CSR initiatives
are more likely to build strong relationships with suppliers, communities, and stake-
holders. This enhances trust, collaboration, and the ability to respond effectively to
disruptions. In contrast, organizations that neglect CSR may face reputational risks,
legal challenges, and disruptions due to social or environmental issues in their supply
chains [24]. Many global supply chains have become heavily reliant on China as a
major manufacturing hub. While China offers cost advantages and a vast supplier
base, overdependence on a single country can create vulnerabilities. Disruptions such
as trade disputes, political tensions, or natural disasters in China can have widespread
consequences for supply chains worldwide. Diversifying sourcing strategies, explor-
ing alternative manufacturing locations, and building redundancy in the supply chain
can help reduce the overdependence on any single country and enhance supply chain
resilience. Organizations need to consider these factors and take proactive measures to
build robust and adaptable supply chains that can withstand disruptions, ensure
sustainability, and maintain continuity in an ever-changing global landscape [25].

Indeed, seamless shifting, flexible systems, business continuity norms, business
pressures, and opportunities are all factors that influence the resilience of a supply
chain. The ability to seamlessly shift operations, resources, and production processes
in response to disruptions is crucial for building a resilient supply chain. This involves
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having contingency plans, alternative suppliers, and backup facilities in place. When
disruptions occur, organizations that can quickly and efficiently shift production,
sourcing, or distribution to minimize downtime and maintain continuity are more
likely to have a resilient supply chain. Flexibility is a key characteristic of a resilient
supply chain. This includes having agile manufacturing processes that can easily adapt
to changes in demand or disruptions in the supply chain [26]. Flexibility also extends
to inventory management, transportation, and logistics. By having flexible systems in
place, organizations can quickly adjust to unexpected events, such as sudden changes
in customer preferences, supply shortages, or transportation disruptions. Establishing
business continuity norms and practices is essential for ensuring the resilience of a
supply chain. This involves identifying potential risks, developing contingency plans,
and regularly testing and updating these plans. By having a well-defined business
continuity strategy, organizations can minimize the impact of disruptions and recover
quickly when unexpected events occur. This includes having backup systems, redun-
dancy in critical operations, and clear communication channels to ensure the smooth
flow of information and decision-making during disruptions [27]. External business
pressures, such as market dynamics, competition, and customer demands, can signif-
icantly influence the resilience of a supply chain. Organizations that operate in highly
competitive industries or face rapidly changing market conditions need to be agile and
adaptable to maintain supply chain resilience. The ability to quickly respond to market
shifts, changes in customer preferences, or new industry regulations is crucial for
sustaining a resilient supply chain amidst business pressures [28]. Opportunities can
also shape the resilience of a supply chain. This includes identifying and capitalizing
on new market trends, emerging technologies, or potential collaborations. Organiza-
tions that actively seek and leverage opportunities can enhance their supply chain
resilience by diversifying their customer base, exploring new markets, or adopting
innovative technologies. By staying proactive and open to new possibilities, organiza-
tions can strengthen their supply chains and position themselves for long-term suc-
cess. Organizations that prioritize these factors can adapt quickly to disruptions,
maintain continuity, and seize opportunities for growth in an ever-evolving business
environment [29].

The Integrated Multi-level Resilience Theory clearly depends on the Individual
level, Organization level, National level, and Environmental level to ensure a Resilient
Supply chain. The conceptual model and the Hypotheses formulated as shown in the
Figure 1 and have sub variables that influence this relationship. This conceptual
model portrays a relationship which needs to be confirmed by Experts through semi-
structured Interviews and the stakeholder’s expectations through questionnaire sur-
vey. Therefore, Mixed Methodology will be used to establish the validity and reliabil-
ity of this model [30].

2.1 Data analysis

The researcher used various descriptive statistical tools, such as (mean, median,
mode, and standard deviation), and statistics for inference (correlation and regression
analysis), to analyze the data collected from the questionnaire or survey. This allowed
them to understand the responses and explore the relationships between different
variables. Quantitative research techniques were used to analyze a large amount of
data efficiently. However, a limitation was the inability to provide detailed explana-
tions for participants choices. To address this, open-ended questions were included in
the questionnaire to allow for more detailed feedback [31].
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To minimize bias, the study had a diverse and representative sample size of 432
participants from different countries. The questionnaire was well-structured, cover-
ing all relevant aspects of the research topic with clear and concise questions. The
study combined qualitative and quantitative research techniques to gain a compre-
hensive understanding of the topic. Qualitative data provided detailed insights, while
quantitative data allowed for statistical analysis [32].

Thematic analysis was used to analyze the data obtained from interviews. The
researcher transcribed and reviewed the responses for accuracy. Main themes and
sub-themes were identified by coding the data and reviewing them based on similar-
ities. The findings were effectively presented using Table 1, which summarized the
main themes and sub-themes found in the study.

Overall, this research study employed appropriate and effective methodologies to
achieve the research objectives and obtain valid and reliable results [58].

The expert opinion on building a resilient supply chain and charting the path
forward. Technology plays a vital role in generating innovative ideas, products, and
services for supply chains. It’s crucial for the logistics sector to keep up with the latest

Figure 1.
Conceptual model—An integrated multi-level resilience theory. H1: The individual level factors have significant
influence on the resilient supply chain; H2: The organization level factors have significant influence on the resilient
supply chain; H3: The resilient supply chain depends on the national level factors; H4: There is significant
relationship between the environmental level factors and the resilient supply chain.
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Interviewee no, (years of
experience), designation, location

Main comments on resilient supply chain (other interviewees
comments in agreement)

1. (13) Vice President Logistics
Sector, Dubai

• Growing up in an environment that values resilience and
perseverance can instill these qualities in individuals.

• A supportive family can also provide a strong foundation for
personal and professional growth, which can contribute to
building resilient supply chains.

• Having the necessary skills and competencies is crucial for
managing and maintaining a resilient supply chain.

• By leveraging technology, individuals can make data-driven
decisions, identify potential risks, and implement effective
strategies to enhance the resilience of the supply chain
(Interviewee 3, 8, 13) [33]

2. (12), CEO, Transportation
Company, Abu Dhabi

• A positive and resilient mindset helps individuals navigate
challenges and find solutions to disruptions effectively.

• Commitment to the goals and objectives of a resilient supply
chain is essential.

• Individuals need to be dedicated and willing to put in the effort
required to overcome obstacles and ensure the continuity of
operations.

• This commitment can be seen in employees’ willingness to go
the extra mile, take ownership of their responsibilities, and
collaborate effectively with others (Interviewee 4, 6, 12)
[34, 35].

3. (16), Senior Vice President,
Logistics solution Company, Dubai

• Continuous education and learning are vital for building
resilience in the supply chain.

• Staying updated on industry trends, new technologies, and best
practices allows individuals to adapt their knowledge and skills
to changing circumstances.

• Education also helps individuals develop critical thinking
abilities, which are essential for making informed decisions
during disruptions.

• Technology plays a significant role in achieving a resilient
supply chain.

• Advanced technologies, such as artificial intelligence,
blockchain, and data analytics, enable real-time visibility,
predictive analytics, and streamlined communication and
collaboration (Interviewee 2, 8, 14) [36, 37].

4. (16) CEO, Logistics Company,
Fujairah

• resilient supply chain requires individuals to have a proactive
and adaptable mindset, open to change, embracing innovation,
and being willing to learn and adapt to new technologies and
processes.

• Family background can have an impact on an individual’s
resilience.

• Individuals can contribute to building and maintaining a robust
and adaptable supply chain.

• This includes technical skills, such as data analysis and logistics
management, as well as soft skills like communication,
problem-solving, and decision-making.

• Competent individuals can effectively respond to disruptions,
mitigate risks, and find innovative solutions to challenges
(Interviewee 1, 10, 15) [38].

5. (11) HR Manager Technology
sector, Dubai

• A strong organizational culture that emphasizes adaptability,
openness to change, and continuous improvement fosters a
resilient supply chain.
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Interviewee no, (years of
experience), designation, location

Main comments on resilient supply chain (other interviewees
comments in agreement)

• By promoting a culture of innovation and risk-taking,
organizations can better respond to disruptions and quickly
adapt their supply chain strategies.

• Sufficient resources, including financial, human, and
technological resources, are essential for building a resilient
supply chain.

• A resilient supply chain can provide a competitive advantage to
organizations.

• By effectively managing disruptions, minimizing downtime,
and maintaining customer satisfaction, companies can
differentiate themselves from competitors (Interviewee 7, 8,
10) [39, 40].

6. (12) Public sector Administration
Manager, Sharjah

• An efficient and robust technology infrastructure enables
effective communication, visibility, and real-time data sharing
across the supply chain.

• This allows organizations to proactively identify and address
potential disruptions, improve coordination, and make
informed decisions to maintain supply chain resilience.

• This advantage allows organizations to attract more customers
and thrive in dynamic market conditions.

• Organizations can enhance their ability to withstand and
recover from disruptions effectively

• Building strong collaborative relationships and partnerships
with suppliers, customers, and other stakeholders is critical for
a resilient supply chain (Interviewee 3, 8, 12, 15) [41].

7. (6) General Manager Cargo
Services, Sharjah

• The involvement of top management in supply chain decision-
making is crucial for resilience.

• When leaders prioritize and actively participate in supply chain
risk management, they can allocate necessary resources,
establish clear goals, and provide guidance to ensure resilience
strategies are implemented effectively.

• Adequate investment in infrastructure, personnel training, and
technology advancements enables organizations to respond
swiftly to disruptions, recover quickly, and maintain consistent
supply chain operations.

• Through collaborative efforts, organizations can share
information, jointly develop contingency plans, and support
each other during disruptions, thereby enhancing overall
supply chain resilience (Interviewee 6, 9, 13) [42].

8. (8) Head of University IT
Operations, Dubai

• Policies that promote stability, transparency, and investment in
infrastructure can enhance the resilience of supply chains.

• International trade agreements impact supply chain resilience
by facilitating trade and reducing barriers.

• By providing a favorable trade environment, organizations can
access diverse markets, suppliers, and resources, thereby
enhancing their resilience.

• Government initiatives to support and promote supply chain
resilience can have a positive influence.

• Adequate preparedness and response mechanisms can help
organizations minimize the impact of such threats on their
supply chains (Interviewee 4, 7, 11, 13) [43].

9. (9) International Consultant,
Abu Dhabi

• National-level threats, such as natural disasters, political
instability, terrorism, or economic crises, can significantly
impact supply chain resilience.
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Interviewee no, (years of
experience), designation, location

Main comments on resilient supply chain (other interviewees
comments in agreement)

• Governments need to assess and mitigate these threats through
proactive measures like risk assessment, infrastructure
development, and contingency planning.

• For example, policies focused on disaster preparedness, risk
management, and supply chain security can help organizations
mitigate potential disruptions and recover quickly.

• Overdependence on a single country, such as China, for
manufacturing and sourcing can pose risks to supply chain
resilience.

• These commitments drive organizations to adopt sustainable
practices, promote responsible sourcing, and build more
resilient supply chains in the face of environmental and social
challenges.

• Organizations need to identify alternative sources, develop
contingency plans, and establish relationships with multiple
suppliers to mitigate the risks associated with a lack of
alternatives (Interviewee 2, 9, 13) [44].

10. (7) Commercial Vice President
Airport Services ITC, Dubai

• Government policies play a crucial role in shaping the overall
business environment and supply chain resilience.

• These agreements can lead to more stable and predictable
supply chains by promoting cross-border cooperation,
harmonizing regulations, and reducing trade restrictions.

• National initiatives that focus on fostering collaboration,
knowledge sharing, and capacity building can also strengthen
the overall resilience of supply chains.

• Corporate Social Responsibility (CSR) Initiatives
• Commitments made by nations at an international level, such

as climate change agreements or sustainable development
goals, can indirectly impact supply chain resilience

• A well-integrated global system enables efficient coordination,
visibility, and responsiveness across the supply chain network,
enhancing its ability to withstand disruptions and recover
quickly (Interviewee 1, 8, 9, 12) [45, 46].

11. (6) Vice President, Environmental
Agency, Dubai

• The COVID-19 pandemic has exposed vulnerabilities in global
supply chains due to disruptions in transportation, trade
restrictions, and shortages of essential goods.

• The pandemic has prompted organizations and governments to
reassess supply chain strategies, invest in resilience-building
measures, and diversify sourcing and manufacturing locations
to reduce dependence on a single region.

• Supply chains that rely heavily on a single source or location for
critical components or raw materials are more vulnerable to
disruptions.

• A lack of alternatives can lead to bottlenecks and delays in the
supply chain when that source is disrupted.

• The integration of global systems, such as transportation
networks, communication technologies, and information
sharing platforms, plays a crucial role in supply chain
resilience.

• Organizations are under pressure to reduce their carbon
footprint and adopt eco-friendly practices (Interviewee 1, 4, 8,
10, 12) [47, 48].

12. (10) Senior Executive, Corporate
Services, Sharjah

• By having agile processes and systems in place, businesses can
swiftly respond to unexpected events and maintain
uninterrupted operations.
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technological trends and actively experiment with new technologies to unlock their
potential benefits. Moreover, the transportation industry should be mindful of the
ethical implications when using technology in their operations, ensuring it aligns with
their core values. While technology offers immense opportunities for supply chains,
it’s important to approach its implementation carefully, considering the potential risks
and impacts it may bring [59].

Interviewee no, (years of
experience), designation, location

Main comments on resilient supply chain (other interviewees
comments in agreement)

• By having a flexible infrastructure, businesses can effectively
manage disruptions while minimizing disruptions to their
supply chain.

• This includes utilizing advanced technologies such as real-time
tracking, data analytics, and automation to enhance visibility,
optimize inventory management, and improve overall
efficiency.

• Resilient supply chains have the ability to adapt and shift
seamlessly when faced with disruptions (Interviewee 1, 5, 6,
13) [49, 50].

13. (3) Senior Maintenance Director,
Dubai

• Implementing flexible systems within the supply chain allows
for quick adjustments and adaptations to changing
circumstances.

• This may involve optimizing processes, streamlining
operations, or collaborating with suppliers and partners to
enhance overall resilience.

• By having clear protocols in place, businesses can swiftly
recover from disruptions and maintain continuity during
challenging times.

• This involves proactively identifying potential risks,
establishing contingency plans, and quickly implementing
alternative strategies to mitigate any negative impacts
(Interviewee 1, 7, 10, 14) [51]

14. (4) General Manager Healthcare
Logistics Group, Sharjah

• Establishing robust business continuity involves developing
comprehensive risk management strategies, creating backup
plans, and ensuring the availability of alternative resources or
suppliers.

• Resilient supply chains consider the various pressures that
businesses face, such as cost constraints, market dynamics, and
customer expectations.

• By continuously monitoring these pressures, businesses can
identify potential vulnerabilities and proactively implement
measures to address them (Interviewee 7, 10, 12, 14) [52–54].

15. (7) Startup Entrepreneur in
Logistics

• Resilience is not just about surviving disruptions but also
leveraging opportunities that arise.

• By staying alert to market trends, emerging technologies, and
new business models, organizations can identify potential
growth areas and adapt their supply chain accordingly.

• Embracing innovation and exploring strategic partnerships can
help businesses stay ahead of the competition and seize new
opportunities that contribute to a resilient supply chain
(Interviewee 2, 7, 11, 15) [55–57].

Source: Developed by the Author.

Table 1.
Interview summary.
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3. Quantitative analysis using ADANCO output

3.1 Analysis of the measurement model

The study used various methods to ensure the validity of the constructs. First, it
calculated the Dijkstra-Henseler’s rho (ρA) coefficient and AVE values to check the
convergent validity. Second, it performed discriminant validity analysis to verify that
the constructs were distinct from each other. The analysis showed that the correla-
tions within each construct were higher than those with other constructs. Third, it
applied structural equation modeling (SEM) to test hypotheses and examine the
relationships among the constructs. SEM is a powerful statistical technique that can
handle complex models and test multiple relationships at the same time. It was suit-
able and useful for this study, as it helped to understand how the constructs were
connected. In conclusion, the study followed reliable and proven methods to evaluate
construct validity, convergent validity, and discriminant validity. The use of SEM
enabled a thorough investigation of the relationships among the constructs. The
results provide valuable insights into the Resilient Supply Chain (Table 2) [32].

In PLS path modeling, assessing construct validity often involves using indicator
variables and their outer loading values. This approach is widely recognized and
accepted. Typically, a standardized outer loading value of 0.70 or higher is deemed
acceptable to determine the quality of a measure. This value indicates that the indica-
tor variable effectively represents the construct it measures. In this study, Table 3 is
utilized to present the outer loading values for each indicator variable. This presenta-
tion method offers a clear and concise overview, facilitating easy understanding and
interpretation of the data. It significantly contributes to the effectiveness of assessing
construct validity. Overall, the appropriate and fruitful application of indicator vari-
ables and their outer loading values in this study is evident from the results, which
demonstrate that the indicator variables served as reliable measures for their respec-
tive constructs, surpassing the 0.7 threshold [60].

The validity of the relationships of all p-values are well below 0.05 and well
supported (Table 4). The results data support and authenticate all the hypotheses
were authenticated [61].

Convergent validity Construct reliability

Latent variables AVE >
0.50

ρA reliability >
0.70

Pc reliability >
0.70

Cronbach’s alpha(α) >
0.70

Individual level factors 0.5145 0.8109 0.8731 0.8731

Organization level
factors

0.5234 0.8659 0.8675 0.8654

National level factors 0.5569 0.8638 0.8256 0.8355

Environmental level
factors

0.5787 0.8725 0.8581 0.8498

Resilient supply chain
factors

0.5468 0.8643 0.8725 0.8732

Source: ADANCO result, 2023.

Table 2.
Analysis of measurement model.
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Table 5 shows the discriminant validity measures, which indicate how much a
variable is related to other variables in the structural model. The Fornell-Larcker
criterion and cross-loadings are used to measure the discriminant validity. The bold
figures on the diagonal are the highest in each row and column, which means that the
discriminant validity is confirmed. The output from ADANCO 2.3 was used to gener-
ate the table (Table 6) [60].

Construct Individual
level factors

Organization
level factors

National
level factors

Environmental
level factors

Resilient supply
chain factors

Individual level
factors

Organization
level factors

0.8465

National level
factors

0.7253 0.8456

Environmental
level factors

0.6498 0.7857 0.8123

Resilient supply
chain factors

0.6174 0.6916 0.7932 0.8645

Source: ADANCO results, 2023.

Table 3.
Discriminant validity heterotrait-monotrait ratio.

Effect Original
coefficient

β

Standard bootstrap results

Mean
value

Standard
error

t-
value

p-value
(2-sided)

Hypotheses
Supported

Individual level factors !
Resilient supply chain factors

0.245 0.2115 0.0741 5.674 0.0021 Yes

Organization level factors !
Resilient supply chain factors

0.465 0.4148 0.0904 6.793 0.0031 yes

Environmental level factors !
Resilient supply chain factors

0.532 0.4821 0.0413 15.762 0.0000 Yes

Individual level factors !
Organization level factors

0.1383 0.0968 0.0443 6.7643 0.0000 Yes

Environmental level factors !
Individual level factors

0.2314 0.1903 0.0432 4.3345 0.0000 yes

Environmental level factors !
Organization level factors

0.6542 0.5752 0.1092 11.341 0.0012 yes

National level factors !
Environmental level factors

0.3613 0.2959 0.1077 4.3241 0.0041 yes

National level factors !
Organization level factors

0.2114 0.1761 0.1502 12.344 0.0000 yes

Source: ADANCO results, 2023.

Table 4.
Direct effect interference.
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Construct Individual
Level Factors

Organization
Level Factors

National
Level
Factors

Environmental
Level Factors

Resilient Supply
Chain Factors

Individual level
factors

0.5820

Organization
level factors

0.5761 0.6544

National level
factors

0.5360 0.6323 0.7812

Environmental
level factors

0.5254 0.6253 0.6519 0.8278

Resilient supply
chain factors

0.4334 0.5234 0.6231 0.7531 0.8769

Table 5.
Discriminant validity.

Indicator Individual
level factors

Organization
level factors

National
level factors

Environmental
level factors

Resilient supply
chain factors

(INDVF1) 0.7568

(INDVF2) 0.7253

(INDVF3) 0.6903

(INDVF4) 0.7385

(INDVF5) 0.7823

(INDVF6) 0.8226

(ORGF1) 0.7954

(ORGF2) 0.7445

(ORGF3) 0.6643

(ORGF4) 0.8215

(ORGF5) 0.7791

(ORGF6) 0.7348

(NATF1) 0.7550

(NATF2) 0.6916

(NATF3) 0.6505

(NATF4) 0.7561

(NATF5) 0.7604

(ENVPF1) 0.6834

(ENVPF2) 0.8754

(ENVPF3) 0.6610

(ENVPF4) 0.7261

(ENVPF5) 0.7660

(ENVPF6) 0.7828

(RSCF1) 0.6843
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The cross loadings in Table 7 shows how the variables affect each other. The
construct relationship to all the constructs in the research study is explained by the
coefficient of determination (R2). The construct is relevant and significant if the value
of R2 is more than 0.25, which is the minimum requirement [62]. The result shows
that the value of R2 of Resilient Supply chain is 0.7654, which is high and indicates
that the construct is important and significant in explaining all the variables in the
research.

Figure 2 shows the PLS-SEM validation framework given by the ADANCO soft-
ware.

This research paper has made a useful contribution by developing and testing the
above research framework for validity and reliability using PLS-SEM. The framework
was based on the consensus of 432 respondents, who were stakeholders of the Supply

Indicator Individual
level factors

Organization
level factors

National
level factors

Environmental
level factors

Resilient supply
chain factors

(RSCF2) 0.7636

(RSCF3) 0.7547

(RSCF4) 0.7215

(RSCF5) 0.7104

Table 6.
Loadings of indicator loadings.

Construct Coefficient of determination (R2) Adjusted R2

Individual level factors 0.6031 0.5815

Organization level factors 0.4152 0.3876

National level factors 0.3530 0.3285

Environmental level factors 0.5333 0.4932

Resilient supply chain factors 0.7654 0.7256

Table 7.
R-squared.

Figure 2.
PLS-SEM validation.
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Chain and Logistics sector. The methodology followed addressed the lack of
relevant data for future researchers and paved the way for further research by
building on this model or similar models. The above-mentioned theories have their
relevance in certain situations, such as stable economies, equal education opportuni-
ties, and infrastructure availability. However, these theories seem insufficient to
explain many factors in times of recession, COVID, or sanction regimes. Therefore, a
solid and research-based framework was created to contribute to further work
(Tables 8 and 9) [63].

The next level relationships are not relevant as the β value will be well below the
0.01 levels hence not considered in this study [60].

Table 10 summarizes the Similarity in the outcomes ascertained by qualitative and
quantitative methodologies.

Hypotheses
no

Construe description β-value t-value Significance
t ≥ 2.59

1.96 ≤ t ≤ 2.59

Hypotheses
supported or not

supported

H1 Individual level factors !
Resilient supply chain factors

0.245 5.674 Strong Yes

H2 Organization level factors !
Resilient supply chain factors

0.465 6.798 Strong Yes

H3 National level factors !
Resilient supply chain factors

0.00 0.00 No No

H4 Environmental level factors !
Resilient supply chain factors

0.532 15.762 Strong Yes

Table 8.
Showing the direct relationships.

Hypotheses
No

Construe Description β-value t-value Significance
t ≥ 1.96

Hypotheses
Supported or
not supported

H52 Individual level factors ! Resilient
supply chain factors through
organization level factors

0.064 7.856 Strong Yes

H61 Environmental level factors !
Resilient supply chain factors through

individual level factors

0.056 6.7433 Strong Yes

H72 Environmental level factors !
Resilient supply chain factors through

organization level factors

0.304 6.2745 Strong Yes

H84 National level factors ! Resilient
supply chain factors through
environmental level factors

0.192 4.2745 Strong Yes

H92 National level factors ! Resilient
supply chain factors through
organization level factors

0.098 8.2745 Strong Yes

Table 9.
Indirect relationships.
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3.2 Differences in outcomes

The main areas of disagreement in both the methodologies are much less restrictive
to the None (no direct significance) i.e., H3 in Direct relationship Table 8 and has
established indirect relationship, as seen in Table 9, H84 and H92 through the Envi-
ronmental Level Factors and Organizational Level Factors, seen in the Quantitative
methodology (proven statistically). However, the indirect relationship displays there
exists a relationship. The difference in outcomes can be attributed to due to the lack of
awareness of the stakeholders (Participants of the Survey) on the Resilient Supply chain
in various Sector applications, whereas the top management of Logistics and Transport
experts (Participants of the Interviews) have exposure to the issues. Another area is
sustainability; most stakeholders only know this as Pollution, Carbon Footprint and do
not understand the Green initiative values and modes that are possible [64].

4. Conclusion and recommendation

4.1 Implications of this research

Practical Implications: The research study on “Resilient Supply Chain” focuses on
enhancing the durability and adaptability of supply chains in today’s interconnected

Qualitative outcomes Quantitative outcomes

The individual level factors, the organization level
factors, national level factors, and the
environmental factors will influence the resilient
supply chain factors.

H1—Individual level factors, βINDVF–RSCF = 0.245,
t = 5.674 indicates a Strong relationship
H2—Organization level factors, βORGF–RSCF = 0.465,
t = 6.798, indicates a strong relationship
H3—National level factors, βORGF–RSCF = 0.465,
t = 6.798, indicates a strong relationship
H4—Environmental level factors, βORGF–

RSCF = 0.465, t = 6.798, indicates a strong
relationship
H52—Individual level factors_organization level
factors, βINDVF-ORGF–RSCF = 0.064, t = 7.856,
indicates a strong relationship
H61—Environmental level factors_individual level
factors, βENVF-INDVF–RSCF = 0.056, t = 6.7433,
indicates a strong relationship (t > 2.59)
H72—Environmental level factors_organizational
level factors, βENVF-ORGF–RSCF = 0.304, t = 6.2745,
indicates a strong relationship (t > 2.59)
H84—National level factors_ environmental level
factors, βNATF-ENVF–RSCF = 0.192, t = 4.2745,
indicates a strong relationship (t > 2.59)
H92—National level factors_ organizational level
factors, βNATF-ORGF–RSCF = 0.098, t = 8.2745,
indicates a strong relationship (t > 2.59)

This coincides exactly with both the methodologies so; it is validated, and reliability tested to greater extent [64].

Table 10.
Similarity in outcomes.
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world. It addresses the impact of disruptions like natural disasters, political instability,
and pandemics on supply chain operations. The study emphasizes proactive risk
management through identifying vulnerabilities and developing strategies such as
diversifying suppliers, establishing backup plans, and implementing monitoring sys-
tems. Building resilient supply chains involves quick response and adaptation,
achieved through multiple sourcing options, buffer stocks, and advanced forecasting
techniques. Collaboration and communication among supply chain partners are cru-
cial for addressing disruptions and finding innovative solutions. Technology adoption,
including data analytics, real-time tracking, and automation, enhances supply chain
resilience. Continuous monitoring, evaluation, and improvement are emphasized to
ensure long-term efficiency and resilience [65].

Social implications: The study on “Resilient Supply Chain” has social implications as
it aims to minimize disruptions caused by natural disasters, political instability, and
pandemics. By enhancing supply chain durability and adaptability, it ensures the
availability of essential goods and services during challenging times. Identifying risks
and vulnerabilities helps companies proactively manage them, preventing shortages
or delays in critical products. Collaboration among supply chain partners fosters
stronger relationships and coordination, benefiting society. Leveraging technology
improves efficiency, reduces waste, and promotes a sustainable and socially responsi-
ble supply chain. Additionally, leveraging technology and digital tools in supply chain
operations can have positive social implications. Implementing real-time tracking
systems and automation technologies can improve efficiency and reduce waste, con-
tributing to sustainable practices. This can result in cost savings and environmental
benefits, promoting a more sustainable and socially responsible supply chain [66].

Managerial implications: The research study on “Resilient Supply Chain” has sev-
eral managerial implications. Firstly, it highlights the importance of identifying and
assessing potential risks and vulnerabilities in supply chains. This allows managers to
develop strategies to proactively manage and mitigate these risks, ensuring
uninterrupted flow of goods and services. Secondly, the study emphasizes the need for
collaboration and communication among supply chain partners. Managers should
foster stronger relationships and coordination with partners to effectively address
disruptions and find innovative solutions. Sharing information and coordinating
efforts can lead to more efficient and effective responses, minimizing the social
impact of disruptions. Thirdly, the research underscores the role of technology and
digital tools in supply chain operations. Managers should consider implementing real-
time tracking systems and automation technologies to improve efficiency, reduce
waste, and contribute to sustainable practices. This not only results in cost savings but
also promotes a more socially responsible supply chain [67].

5. Limitations and future research

The study on the “Resilient Supply Chain” has limitations that should be consid-
ered. Firstly, it focuses on a specific industry, limiting the generalizability of the
findings to other sectors. Future research should explore the applicability of these
findings across different industries. Secondly, the study may have relied on subjective
measures, introducing bias or inaccuracies. Future research could use more objective
and standardized measures for greater validity. Additionally, the study may not have
considered all factors that impact supply chain resilience, such as political instability
or natural disasters. Future studies could explore these variables for a more
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comprehensive understanding. Furthermore, the study did not examine the long-term
effects or sustainability of the suggested strategies. Future research should evaluate
the long-term impact on performance, profitability, and environmental sustainability.
Finally, the study could have explored the role of human resources and organizational
culture in building resilient supply chains. Future research should investigate how
employee competencies and corporate culture contribute to supply chain resilience.

6. The contribution and originality

6.1 Value of the research

The main contribution of this study is the development of the Multi-level Inte-
grated Process theory for the conceptual model. It focuses on understanding and
improving the resilience of supply chains, providing valuable insights into strategies,
practices, and factors that enhance resilience. The research examines specific indus-
tries, offering recommendations to practitioners in those sectors and identifying key
factors for building resilient supply chains. It emphasizes the consideration of external
factors like political instability and natural disasters, providing a comprehensive
understanding of the complexities involved. The study also highlights the need for
objective measures and rigorous research methods to enhance the validity of findings,
guiding future research in the field.

7. Conclusion

In conclusion, the Multi-level Integrated Process theory offers a comprehensive
framework for understanding the drivers of Resilient Supply Chain and its practical
usefulness. This study has made significant contributions to the field by providing
valuable insights into strategies, practices, and factors that can enhance the resilience
of supply chains. By focusing on specific industries or contexts, the research has
provided relevant and practical recommendations for practitioners in those sectors.
The study’s emphasis on considering external factors, such as political instability and
natural disasters, further enhances its value in understanding and enhancing supply
chain resilience. Additionally, the study highlights the importance of objective and
standardized measures to improve the validity of research findings. Overall, this study
has significantly advanced the existing literature on resilient supply chains, offering
valuable insights, recommendations, and a comprehensive understanding of the com-
plexities involved. It serves as a foundational work for future research and provides
practical guidance for practitioners seeking to enhance the resilience of their supply
chains.
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