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The process of greening global industry began in the 1960s. Activities re-
lated to environmental protection through the cleanup of end-of-pipe
emissions and the reduction of pollutant concentrations date back to
the 1970s. In the 1980s, interest in academia and business shifted to-
ward pollution prevention and an increased focus on cleaner technolo-
gies. The concept of environmental management, as well as the term
cleaner products, originated in the 1990s (Glavic, 2021).

The concept of Cleaner Production (¢ P) was formulated in the early
1990s as a response by academic and business circles to the increas-
ingly destructive environmental impact of the global economy. It is a
strategy aimed at reducing negative environmental impacts by mini-
mizing waste and emissions at the source throughout the production
process, while simultaneously enabling companies to become more
competitive. Cleaner Production is a proactive environmental strategy
that goes beyond waste treatment and management and is based on a
cradle-to-cradle approach.

According to De Oliveira Neto et al. (2019), the Cleaner Production
Programme can be understood as the application of preventive envi-
ronmental strategies to processes, products, and services, with the aim
of jointly respecting energy, water, and raw materials, while eliminat-
ing or reducing toxic materials, emissions, and residues in production
processes or throughout the life cycle of products and services.

This concept is considered by many in the scientific and business
communities to be one of the most effective tools for achieving sustain-
able development through the continuous application of an integrated
preventive strategy in production processes, products, and services
aimed at reducing risks to humans and the environment (Gavrilescu,
2004). The implementation of CP practices is strongly driven by im-
provements in economic, environmental, social, and production per-
formance.

Chinese official factors have played an important role in the devel-
opment and implementation of Cleaner Production. Since the govern-
ment of the People’s Republic of China set the goal of quadrupling gross
domestic product between 2000 and 2020, while improving environ-
mental performance and maintaining social stability, the CP concept



10 Introduction

has played an increasingly important role in the country’s development
plans (Hicks & Dietmar, 2007).

In this context, it is significant that China is the world’s largest ce-
ment producer (Liu et al., 2024), with 1.9 billion metric tonnes pro-
duced in 2024 (2.1 billion metric tonnes in 2023 and 2.4 billion met-
ric tonnes in 2021), accounting for more than half of global production
(Chen et al., 2025). The increase in cement production in China since
1990 has accounted for as much as 74% of the global increase in this
product (Bourke, 2024).

It should be noted that the global cement industry is a significant
source of environmental pollution and anthropogenic climate change,
emitting a broad spectrum of atmospheric pollutants, including PM, 5,
PM,,, chlorine gas, nitrogen oxides (NOy), sulphur dioxide (SO, ), am-
monia (NH;), and a wide range of greenhouse gases. Among these emis-
sions, carbon dioxide (CO,) is the dominant greenhouse gas contribut-
ing to global warming (Liao et al., 2022).

According to a forecast by the International Energy Agency (IEA),
cement production is on a steadily increasing trend, and the cement
industry produces approximately 1.4 Gt of CO, emissions per year, rep-
resenting about 8% of global greenhouse gas emissions (Carbone et al.,
2022). The energy consumption of the cement industry is estimated at
about 2% of global primary energy consumption, or nearly 5% of total
global industrial energy consumption (Kim et al., 2018).

In this context, the cement industry has a particular interest in im-
plementing a Cleaner Production strategy, which represents one of the
most recent developments in environmental thinking over the past
two decades (Louafi & Boutora, 2020). This involves a shift toward
more sustainable production practices, including improved energy ef-
ficiency, waste heat recovery, and the use of alternative raw materials
and fuels (Tamta et al., 2025). These actions aim to minimize waste
generation, reduce carbon emissions, and promote the conservation
of natural resources.

The main objective of this monograph is to identify and assess the
implementation and application of the Cleaner Production concept
across environmental, economic, and social dimensions by present-
ing good practices implemented by the CEMEX Poland Group. The re-
search methods used to achieve this objective include a literature re-
view and a case study illustrating good management practices based
on the Cleaner Production concept.
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The work is structured in line with the substantive perspective of
the discussion and consists of a theoretical part comprising Chapters 1
and 2, as well as Chapter 3, which presents selected good practices im-
plemented by CEMEX Poland. In the first chapter, the authors intro-
duce the Cleaner Production Programme, its genesis, objectives, prin-
ciples, and practices. The applicability of cP and the phases of its im-
plementation are presented, along with a discussion of the drivers, bar-
riers, and benefits of the implementation process.

The second chapter details and presents activities carried out within
the framework of the CP concept, including eco-design, eco-materials,
green technologies, environmental labels and declarations, and eco-
efficiency in the context of the discussed idea. The final chapter pres-
ents good practices in CP implementation based on the achievements
of the CEMEX Poland Group.

The case study presented in this publication fully confirms the the-
sis that industry and the environment are not mutually exclusive but,
in many dimensions, complement each other in achieving the objec-
tives of sustainable development. The book serves as a compendium of
knowledge on the implementation and realization of the Cleaner Pro-
duction concept, indicating both the key issues in the field and its prac-
tical application.
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The Concept of Cleaner
Production

Genesis and Definition of the Cleaner Production Programme

The process of ‘greening industry’ began in the 1960s. Environmental
protection through the cleanup of end-of-pipe emissions and the re-
duction of pollutant concentrations was introduced in the 1970s (Rem-
men, 2001). In the 1980s, the focus shifted toward pollution prevention
and cleaner technologies. Environmental management and cleaner
products became established in the early 1990s.

Due to the high global level of consumption, the continuous expan-
sion of industrial production to meet the needs of the world’s popu-
lation, and the growing problems of environmental degradation, the
United Nations Environment Programme (UNEP), a United Nations
agency, was established in 1972 (United Nations Environment Pro-
gramme, 2022). Its core objective was defined as organising interna-
tional initiatives to protect the environment and promote sustain-
able development (Duflou & Kellens, 2019). In 1989, UNEP first pro-
posed the term cleaner production while formulating the blueprint for
the concept. Less than a year later, the CP concept was officially pre-
sented by UNEP as an essential tool for environmental protection (de
Guimaraes et al., 2017). The first widely cited definition of the concept
stated that it is an environmental strategy consisting of a continuous,
integrated, preventive action with regard to processes, products, and
services, aimed at increasing the efficiency of production and services
while reducing risks to people and the natural environment (Chia &
Hadibarata, 2021).

Since the inception of the Cleaner Production Programme, research-
ers have conducted continuous and detailed studies on the mecha-
nisms of this strategy. Baas (1995) highlighted the need for a change
in thinking about production, emphasising pollution prevention rather
than merely eliminating its effects. In turn, Fresner (1998) pointed out
in 1998 that company activities in the area of Cleaner Production fit well
within the scope of the 150 14001 standard. Chinese researchers Chen

15



16 Chapter One

et al. (1999) advocated incorporating Cleaner Production Programme
analyses into environmental impact assessments. Cleaner Production
is considered the main production strategy for preventing environmen-
tal impacts during manufacturing processes (de Oliveira et al., 2019).

Cleaner Production was conceived as a new concept for pollution
prevention in general and was first introduced in the chemical industry
(Eder, 2003). Over many years of increasing popularity, it has been im-
plemented in other industrial sectors, including agriculture and man-
ufacturing. In practice, CP is regarded as playing an important role
in saving resources, improving productivity, and reducing emissions
(Scheverin et al., 2020). Cleaner Production also contributes to achiev-
ing the Sustainable Development Goals (Cardoso et al., 2019).

In the most general terms, the concept of Cleaner Production can be
described as a set of principles aimed at protecting the environment
and minimising waste, starting not only with production or service pro-
cesses but extending across the entire life cycle of a product. The con-
cept can also be applied at the personal level, referring to the lifestyles
and daily choices of individual citizens (Sikva & Gouveia, 2020).

Cleaner Production is at the forefront of green practices that support
sustainable production while harmonising the use of natural resources
and production activities (Tayyab et al., 2020). It is one of several green
practices that go beyond a sole focus on recycling raw materials and
reducing industrial waste generation.

Cleaner Production can be understood as the application of preven-
tive environmental strategies to services, products, and processes in
order to respect energy, water, and raw materials, while eliminating
or reducing toxic materials, emissions, and residues in the production
process (De Oliveira Neto, da Silva et al., 2021) or throughout the life cy-
cle of a service or product (Baas, 1995). It aims to mitigate risks to the
environment and to people, increase productivity, and deliver environ-
mental and economic benefits (De Oliveira Neto, Correia et al., 2021).

Cleaner Production refers to production strategies and practices
aimed at reducing or eliminating waste generation and harmful emis-
sions directly within the production process. This strategy seeks to
achieve resource efficiency and minimise environmental impacts (De
Oliveira Neto, 2020). Its scope encompasses several key dimensions:

« Zero pollution, considered the fundamental dimension of Cleaner
Production, focuses on minimising pollution as much as possible,
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including solid waste, gas emissions, and water pollution. Cleaner
Production seeks to achieve this by designing processes and prod-
ucts to minimise waste and emissions from the outset (Garcia-
Avila et al., 2023). Achieving zero pollution increases productivity,
reduces costs associated with waste treatment and environmen-
tal compliance, and improves a company’s public reputation.

+ Cleaner technologies, which encompass methods and equipment
that reduce the environmental impact of production, including
advanced cleaning technologies, automation that increases pro-
ductivity, and innovations that support more efficient material
use (Garcia-Avila et al., 2023). The application of cleaner tech-
nologies directly supports Cleaner Production goals by reducing
waste, improving energy efficiency, and lowering costs, thereby
promoting sustainability and operational efficiency (Giannetti et
al., 2020).

+ Renewable energy sources, such as solar, wind, and hydropower,
play a key role in Cleaner Production. Their use reduces reliance
on non-renewable and highly polluting resources such as coal
and oil. Transitioning to renewable energy sources lowers long-
term costs and enhances sustainability by making production
processes cleaner and less harmful to the environment (Neha &
Rambeer, 2021).

The integration of these three dimensions reinforces the princi-
ples of Cleaner Production and supports business entities in mak-
ing significant progress toward environmental sustainability, while si-
multaneously improving economic performance and contributing to
society (Giannetti et al., 2020). Small and medium-sized enterprises
(SMES) can not only improve their environmental performance but
also strengthen their market position, enabling them to achieve a sus-
tainable competitive advantage in today’s business environment (Var-
gas et al., 2019). These practices lead to an increased share of green
market components. Green markets depend heavily on the outcomes
of Cleaner Production, allowing companies to gain a competitive ad-
vantage by demonstrating commitment to sustainability, reducing en-
vironmental damage, and attracting environmentally conscious con-
sumers.

Implemented, continuous, and therefore systemic activities within
the cP concept concern the following areas (Nowosielski et al., 2010):
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TABLE11 Selected Definitions of the Cleaner Production Concept

Source Definition

Altham and A preventive (precautionary) strategy that should be linked to a com-

Guerin pany’s core business. It consists of improving production processes,

(2005) management activities from the beginning to the end of the process,
including product redesign with a focus on pollution reduction.

Fore and The continuous application of an integrated preventive environmen-

Mbohwa tal strategy to processes, products and services to increase overall pro-

(2010) ductivity and reduce risks to people and the environment.

Demirer The reduction of the amount and toxicity of waste and emissions from

(2009) production and handling processes, raw material and energy con-

sumption, consumption of toxic materials, while for production, as:
the prevention/reduction of its negative impact on environmental ef-
fects during its life cycle from raw material acquisition to its final dis-
posal.

Hensetal. A precautionary effort to reduce the environmental impact of produc-
(2018) tion and product.

Rosak- The prevention or reduction of waste generation at source, i.e. directly
Szyrocka et during the production process through the use of energy-efficient, low-
al. (2017)  waste and waste-free production systems.

Héjek etal. A preventive strategy to minimise the environmental impact of pro-
(2019) duction and products.

Continued on the next page

« Production processes — saving raw materials and energy, minimis-
ing toxic materials, and reducing the quantity and toxicity of all
generated waste.

+ Products - reducing their negative environmental impact through-
out the product life cycle.

« Services — incorporating an environmental dimension at the de-
sign stage and during subsequent consumption.

Cleaner Production can also be defined using the acronym CLEAN-
ER, as outlined by Dunn and Bush (2001): Combining Lower Emissions
and Networked Energy Recovery.

Currently, there is no single, uniform definition of Cleaner Produc-
tion in the literature. Most researchers classify it as a system encom-
passing pollution prevention, clean technologies, energy conservation,
and emission reduction (Gunarathne & Sankalpani, 2021).

Table 1.1 presents selected definitions of the Cleaner Production con-
cept proposed by both domestic and foreign researchers.



The Concept of Cleaner Production 19

TABLE 11 Continued from the previous page

Source Definition
Jabbour A set of principles and preventive actions that enable the continu-
(2010) ous application of a system aimed at achieving financial and environ-

mental performance through the rational use of raw materials and the
reuse of natural or industrialised residual resources.

Adamczyk The process of improving management and control systems for the

and production of products and services aimed at reducing their negative
Nitkiewicz impacts at each stage of production. A preventive environmental pro-
(2007) tection strategy that, when applied in a systemic manner, becomes a

voluntary, non-formalised environmental management system, allow-
ing each organisation, regardless of size and profile of its activities, to
achieve measurable environmental and economic benefits in a short
time and to strengthen its position on the market.

Satishand A preventive way to reduce the negative environmental impact of

Nagesha products and production.

(2018)

Fresner the continuous application of an integrated preventive strategy to pro-
(2004) cesses, products and services to increase environmental performance

and reduce risks to people and the environment.

The Cleaner Production (CP) concept represents a new management
and engineering paradigm that prioritises pollution prevention over
pollution clean-up within a sustainability framework (Khorshidi et al.,
2021). Cleaner Production is closely linked to the idea of sustainable de-
velopment and is founded on the two pillars of sustainable production
and sustainable consumption (Popek & Popek, 2020). At its core lies the
theory of innovation, whereby a Cleaner Production Programme im-
plemented within an enterprise enables the reduction or elimination
of waste and emissions, resulting in tangible financial savings (Maama
et al., 2021).

It should be emphasised that the CP strategy analyses production
processes from technical, economic, and environmental perspectives,
treating enterprises as macro-systems that transform inputs into out-
puts in ways that do not harm the environment. Moreover, the concept
enables the identification and implementation of continuous improve-
ments in production and environmental performance without increas-
ing costs, based on a systemic perspective that allows all elements to
interact (da Silva & de Medeiros, 2006).

It is also worth noting that the Cleaner Production Programme is in-
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creasingly driven by institutional pressures and stakeholder expecta-
tions that promote environmental responsibility. Regulatory require-
ments, growing investor interest in sustainability, and consumer de-
mand for environmentally friendly products collectively motivate com-
panies to adopt Cleaner Production strategies (de Oliveira et al., 2019).
This approach not only reduces environmental damage but also en-
hances corporate reputation and facilitates access to emerging green
markets (Habib et al., 2022).

The importance of Cleaner Production can be summarised in three
fundamental aspects. First, it emphasises pollution prevention and
control at the source. CP is concerned not only with the production
process itself but with all stages of product manufacture, aiming to re-
duce pollution at the source and improve resource efficiency rather
than relying on traditional end-of-pipe treatment methods (Wang et
al., 2021). Second, it seeks to transform the mode of economic develop-
ment by promoting a more intensive production model, in contrast to
the traditional extensive development model (Jiang et al., 2021). Third,
Cleaner Production contributes to the achievement of sustainable de-
velopment goals, as the adoption of clean production processes en-
hances production and management standards, leading to increased
economic and environmental benefits (Nasrin et al., 2015).

Assumptions and Principles of Cleaner Production

The scope of the Cleaner Production concept encompasses seven ar-
eas of activity comprising partially overlapping preventive practices.
Nowosielski (2008) proposes the following approaches and identifies
the scope of CP activities:

« Service approach — aimed at improving service efficiency through
material savings and the rational use of energy in purchased prod-
ucts, while taking into account the ecological dimension.

+ Chain approach - involving the synchronisation of activities along
the production chain, taking into account material exchanges be-
tween manufacturers at different production stages, as well as the
exchange of experience in implementing ecological solutions at
each stage of the process.

« Product approach - covering all stages of product design and use,
with the objective of reducing environmental impacts throughout
the product life cycle.
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Material approach — addressing the selection of materials, their
components, and the equipment and machinery used in produc-
tion and consumption, in order to minimise negative environmen-
tal impacts as much as possible.

Technological approach - considering the selection and environ-
mental impact of technologies used in production, distribution,
and service provision, while maintaining economic viability.
Operational approach - encompassing planning, management,
and production activities aimed at reducing waste streams.
Recirculation approach — focusing on minimising waste genera-
tion and energy losses by closing material cycles and recovering
energy within defined material and energy boundaries.

Based on a review of definitions developed over recent decades, it
can be concluded that the Cleaner Production Programme is founded
on four main principles (Sygut, 2016):

Precautionary principle - when an activity poses risks to the en-
vironment or human health, all necessary precautions should be
taken, even if some causal relationships have not been fully es-
tablished. According to this principle, the burden of proof that
no safer alternative exists lies with the proponents of the activity
rather than with actual or potential victims.

Prevention principle — preventing environmental damage is more
cost-effective and efficient than managing or remedying it after it
occurs. This principle requires life cycle analysis of products, from
raw material extraction to final disposal, encouraging the devel-
opment of safer alternatives and cleaner products and technolo-
gies.

Democratic principle — Cleaner Production involves all stakehold-
ers affected by industrial activities, including workers, consumers,
and local communities. Access to information and participation
in decision-making processes, supported by central and local au-
thorities, ensure democratic oversight of production and service
processes. Effective implementation of cP requires the full in-
volvement of all actors in the product chain.

Holistic principle — society should adopt an integrated, systemic
approach to resource use and consumption. Information on the
materials, energy, and human involvement in product manufac-
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turing should be accessible, enabling informed choices and al-
liances for sustainable production and consumption. Life Cycle
Assessment (LCA) is one of the tools supporting this holistic per-
spective.

To further promote and clarify the concept of Cleaner Production
among economic organisations, Veleva and Ellenbecker (2001) formu-
lated nine guiding principles:

Products and packaging are designed to be safe and environmen-
tally friendly throughout their life cycle; services are designed to
be safe and environmentally friendly.

Waste and environmentally incompatible by-products are contin-
uously reduced, eliminated, or recycled.

Energy and materials are conserved, and the forms of energy and
materials used are the most appropriate for their intended pur-
poses.

Chemicals, physical agents, technologies, and working practices
that pose risks to human health or the environment are progres-
sively reduced or eliminated.

Workplaces are designed to minimise or eliminate physical, chem-
ical, biological, and ergonomic hazards.

Management engages in an open and participatory process of
continuous evaluation and improvement, focused on the long-
term economic performance of the enterprise.

Work is organised to protect and enhance employee productivity
and creativity.

The safety and well-being of all employees are prioritised, along
with the continuous development of their skills and abilities.
Communities surrounding workplaces are respected and strength-
ened economically, socially, culturally, and physically, while equal-
ity and fairness are promoted.

A review of the literature indicates that most national policies re-
lated to Cleaner Production share several common objectives (Kazmi-
erczyk et al., 2002). The first objective is to promote Cleaner Produc-
tion as an economic instrument that enhances competitiveness and
efficiency while ensuring environmental protection, thereby extending
support beyond traditional pro-environmental institutions and organ-
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isations. The second objective concerns the establishment of appropri-
ate obligations and incentives to stimulate organisations to adopt effi-
cient techniques, practical solutions, and preventive measures for en-
vironmental protection.

Another widely recognised objective is the optimisation of natural
resource and raw material use, along with the minimisation of emis-
sions and their environmental impacts. These goals can be achieved
through strengthened legal frameworks, greener regulations, the pro-
motion of energy efficiency, and the provision of technical and tech-
nological support to production sectors. A further objective involves
developing mechanisms to reward entities demonstrating strong envi-
ronmental performance and innovative, proactive approaches to envi-
ronmental challenges. Such incentives may include additional points
awarded to companies certified for Cleaner Production in public pro-
curement procedures.

The final objective commonlyidentified is the replacement of end-of-
pipe pollution control methods with preventive techniques. This shift is
necessary because many managers were trained during a period when
pollution control was viewed as the primary response to environmen-
tal problems. Contemporary Cleaner Production principles therefore
emphasise moving away from end-of-pipe solutions toward preventive
measures.

Practices of the Cleaner Production Programme

The focus of the Cleaner Production (CP) concept also extends to sus-
tainability practices that enhance the efficiency of production and ser-
vice processes across specific industries, while mitigating and reducing
the risk of negative environmental and social impacts.

The cP conceptis at the forefront of green approaches to sustainable
production, integrating the use of natural resources with production
practices (Cay, 2018). Cleaner Production practices are considered to be
of key importance in achieving sustainability goals (Giannetti, 2020).
Neto et al. (2019) emphasise that the implementation of these practices
leads to improved economic and environmental performance, as well
as to the development of environmental awareness among a company’s
workforce.

The implementation of Cleaner Production practices should be em-
bedded throughout the entire product life cycle (Aranda-Uson et al.,
2020). This includes the product design stage (Cui et al., 2020) as well
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TABLE12 Application Practices under the Cleaner Production Concept

CP solutions

Concepts

1 Environmental considerations
are taken into account when
selecting suppliers.

Identify principles for developing partnerships
between businesses and suppliers resulting in
environmental performance.

2 Environmental issues play a
role in creating an industrial
site plan.

3 Energy-efficient and energy-
minimising technologies.

Incorporating the plant plan with environmen-
tal issues improves the organisation of processes
and directs the company towards activities that
contribute to reducing environmental impacts.

Using energy rationally and deciding to acquire
and configure equipment with a view to using
energy, reducing energy consumption while per-
forming the same activities.

4 Environmental considerations
are taken into account when
selecting equipment for man-
ufacturing products.

Production creates less pollution and is more ef-
ficient if new machinery produces fewer defec-
tive products.

5 Analyse the feasibility of creat-
ing recyclable packaging.

Create and maintain a flow of raw materials
from the reuse of manufacturing waste from re-
cycled materials to increase environmental per-
formance and manufacturing efficiency.

6 Analyse the possibility of re-
placing raw materials with
ones that are non-toxic and
non-polluting.

7 Consideration of packaging re-
duction.

Eliminating the toxicity of products results in no
toxic waste, which facilitates waste water treat-
ment and is beneficial to health and the environ-
ment.

Reducing packaging at the product design stage
and considering recycling of packaging reduces
environmental impact.

8 Analyse opportunities to refor-
mulate products to increase
their recyclability.

9 The ease of disassembly of
products is assessed during
the product design process.

Considering the recyclability of a product by
making changes to its composition or by substi-
tuting a raw material does not necessarily affect
the performance of that product at all.

Making products easier to disassemble makes
their handling more efficient, increases their
useful life and improves their recyclability.

Continued on the next page

as product delivery and distribution (Yin et al., 2020), with the overall
aim of minimising environmental impacts across all stages (Pazienza
& de Lucia, 2020). When considering the process of implementing
Cleaner Production practices, five key factors can be identified as hav-
ing a significant influence on this process (de Oliveira Neto et al., 2017):
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Continued from the previous page

CP solutions

Concepts

10

11

12

Environmental considerations
are taken into account when
selecting production systems.

Environmental considerations
are taken into account when
transporting material.

Analyse opportunities for con-
sumers and end-users to ac-
cess recycling centres.

The use of mechanical processes instead of
physical-chemical processes and the simplifica-
tion of the entire production process improve
environmental performance.

Consideration of environmental issues in the
transport of materials brings benefits to the
health and safety of workers.

Direct interactions encourage employees, sup-
pliers and end consumers to participate in re-
cycling programmes increase environmental
awareness.

13

Reduction of natural resource
consumption is taken into ac-
count in the production pro-
cess.

Improving the efficiency of natural resource ex-
traction, the selection of renewable sources and
their rational use increase environmental effi-
ciency.

14

Environmental considerations
are taken into account in the
production planning and con-
trol process.

Consideration of environmental issues in pro-
duction planning and control results in the ra-
tional use of raw materials a reduction in waste
and the number of amendments.

15

When assessing the produc-
tion schedule, consideration is
given to environmental issues
that may arise from its imple-
mentation.

Analysing the environmental risk assessment
allows preventive measures to be taken and in-
creases environmental awareness.

16

Opportunities to use energy-
efficient and clean technolo-
gies are taken into account
when making efficiency deci-
sions.

Using clean technologies and investing in inno-
vation minimises environmental damage, re-
duces waste and improves operational efficiency.

17

Forwarding and returns lo-
gistics are taken into account
when planning inventory.

A company’s introduction of return logistics re-
duces its environmental impact when the entire
life cycle of a product is considered in relation to
its proper destination.

material exchange,

internal organisation,

+ internal recycling,

technological update,
+ product improvement.

Continued on the next page
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TABLE12 Continued from the previous page

CP solutions

Concepts

18

Consider increasing the dura-
bility of products.

Increasing durability and life cycle length
through repairs and by replacing components
prevents premature waste.

19

Analyse product recyclability
at the design stage.

Considering disposal methods for products
and materials at the design stage reduces waste
emissions.

20

21

Analysis of the possible envi-
ronmental impact of the prod-
uct during use by the con-
sumer.

Environmental issues are
taken into account in the plan-
ning of logistics networks.

Creating or improving the product together with
the customer with consideration of possible en-
vironmental impacts minimises environmental
risks.

Processing production waste into by-products or
raw materials that can be sold to other compa-
nies increases environmental efficiency.

22

Designing and planning the
collection and distribution

of products and components
that will be recycled, remanu-
factured or reused.

Consideration during product design of reuse,
remanufacturing and recycling of materials,
from the very beginning of planning and collec-
tion through to the production process.

23

24

Promote customer and end-
user participation in recycling
programmes through initia-
tives such as education or in-
formation sharing.

Opportunities to use renew-
able resources are taken into
account.

Environmentally friendly products differentiate
themselves from competing products and con-
tribute to environmental protection.

The use of renewable resources contributes to
reducing environmental impacts.

25

26

Proposals for such products
that would reduce the amount
of packaging used and/or re-
cyclable packaging.

Minimise waste generation
and emissions in the produc-
tion system.

Reducing the amount of packaging used during
the product design phase and considering the
use of recycled materials for packaging reduces
the environmental impact.

Opportunities to reduce and eliminate waste
preemptively at all stages in the process reduce
pollution at the source and are one of CP’s pri-
mary solutions.

Continued on the next page

Numerous articles and research studies indicate that manufacturers
have increased their efforts to implement cleaner manufacturing prac-
tices (Yusup et al., 2015). This growing commitment has been driven
by an increased awareness among manufacturers that the adoption of
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TABLE 12 Continued from the previous page

CP solutions Concepts
27 Efficient use of raw materials The rational use of raw material is also linked to
and inputs avoid waste. continuous improvement practices and the re-
duction of process variation and environmental
performance.

28 Recognition of CP as essential The use of CP solutions goes hand in hand with
in the environmental manage- the implementation of an environmental man-
ment system and periodic au- agement system.
dits for continuous improve-

ment.
29 Improve the environmen- Environmental education requires training of all
tal awareness of employees employees and activities related to environmen-

through the transfer of skills  tal impact, environmental management and re-
and knowledge. cycling.

30 Improving working conditions Integrating environmental issues into work im-
to reduce waste. proves health and safety and reduces waste.

31 Efficient use of water. By encouraging the rational use of water, preven-
tive measures identify opportunities for reuse
and reduce the risk of wastewater pollution,
thereby reducing environmental impact.

NOTES Adapted from Yusup et al. (2015), de Oliveira Neto et al. (2015), Yiiksel (2008),
Sousa-Zomer et al. (2018), and Zeng et al. (2010).

cleaner manufacturing technologies in production operations yields
widespread benefits for companies, employees, and the environment
alike (Zeng et al., 2010).

Table 1.2 presents selected Cleaner Production practices related to
resource use through waste reduction and reduced consumption. De-
pending on the level of development of an economic entity, many of
these solutions can be implemented without additional investment (de
Oliveira Neto et al., 2020).

cP Application Options and Implementation Phases

Cleaner Production (CP) options are defined as any improvement or
initiative aimed at preventing or reducing emissions arising from pro-
duction operations (Rahim et al., 2020). These options may require ei-
ther small or large investments, ranging from good housekeeping prac-
tices to the adoption of new technologies. They can be implemented
through cleaning practices, modification of production processes, sub-
stitution of less harmful materials, technological adaptation, employee
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training, and the application of the 3R S (reuse, recover, recycle) (Rahim
et al., 2015).

To determine the efficiency of selected Cleaner Production options,
it is necessary to understand both the benefits achieved by a business
organisation and the impact of these options on production processes.
In addition, Cleaner Production options should be evaluated finan-
cially, and the costs of their implementation should be correlated with
the benefits obtained (Guo et al., 2005).

Therefore, to ensure the successful implementation of Cleaner Pro-
duction options within an enterprise, it is essential to identify as many
potential options as possible and then prioritise those that are most
feasible. Three general categories of Cleaner Production options can be
distinguished (Salem & Sorour, 2022):

1. Reduction at source;
« good operating practices,
+ process changes, including;
- substitution or change of materials,
— improved process control,
- replacement or modification of equipment and machinery,
- technological changes.
2. Recycling:
« on-site recycling.
3. Product modification.

In line with the interdisciplinary approach to Cleaner Production
strategies, Fresner (1998) proposed his own classification of options:

« efficient management of materials and energy,

« employee training, improved logistics, enhanced data availability,
and better communication between departments,

« replacement of raw and auxiliary materials with less harmful al-
ternatives or materials that can be used more efficiently or recy-
cled internally or externally,

+ product modifications to eliminate production stages with high
environmental impact,

+ process modifications aimed at minimising waste and emissions,
+ internal recycling,
« introduction of generated waste into external recycling networks.
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The Cleaner Production Programme established in 1994 by the Unit-
ed Nations Industrial Development Organisation (UNIDO) and the
United Nations Environment Programme (UNEP) identifies the fol-
lowing options for applying the cP concept (Jain et al., 2018):

good management,

change of input materials,
improved process control,
modification of equipment,
change of technology,

recovery and reuse on site,
production of useful by-products,

product modification.

In contrast, researchers from the Danish consultancy cowI iden-
tified the following categories of Cleaner Production options (COWI
Consulting Engineers and Planners A S, Danish Environmental Protec-
tion Agency, Danish Ministry of Environment and Energy, & United Na-
tions Environment Programme, 2000):

Caring for cleanliness - improvements in working practices and
proper maintenance that typically involve low costs and yield sig-
nificant benefits.

Process optimisation - reduction of resource consumption through
optimisation of existing processes; these options are typically of
medium cost.

Raw material substitution - addressing environmental issues by re-
placing hazardous materials with more environmentally friendly
alternatives; these options may require changes to equipment and
process facilities.

New technologies — adoption of new technologies to reduce and
minimise waste generation by improving operational efficiency;
although often capital-intensive, the payback period may be rela-
tively short.

New products or designs - product redesigns that provide bene-
fits throughout the life cycle, including reduced hazardous sub-
stance use, lower waste generation, reduced energy consumption,
and more efficient production processes; while long-term and po-
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tentially requiring new equipment and marketing efforts, such in-
vestments can yield substantial returns.

Inrecent years, numerous publications have proposed various meth-
odologies and tools to initiate the implementation of Cleaner Produc-
tion strategies. However, it should be emphasised that many of these
approaches are process-specific (Zhanget al., 2015) or industry-specific
(Abbasi & Abbasi, 2016). In this context, the work of Olson (2008) is
noteworthy; this researcher developed a methodology and toolkit for
formulating Cleaner Production strategies that can be integrated with
other strategic areas within an organisation, such as business strategy,
technology application, and infrastructure development.

Cleaner Production strategies are fundamentally related to opera-
tions management, environmental sustainability, and the maximisa-
tion of waste reduction, recycling, and reuse at the enterprise level, and
are therefore microeconomic in scope (Kalili, 2015).

The definition of a Cleaner Production strategy proposed by de
Oliveira Neto, Tucci et al. (2021) describes it as a prudent approach
to sustainability that addresses all stages of the life cycle of a product
or service and is applied by business units to obtain both economic
and environmental benefits. This definition reflects the precautionary
nature of the cp approach.

By contrast, da Silva et al. (2021) emphasise resource efficiency in
their definition of a Cleaner Production strategy, which they describe
as the continuous adoption of practices that improve economic, en-
vironmental, and operational performance through the integration of
processes and products, enabling increased efficiency in the use of raw
materials, water, and energy, with the aim of preventing, reducing, or
recycling waste generated during production processes.

Another definition, proposed by Al-Munim and Abdul Hameed (2021),
explicitly refers to sustainable development and defines Cleaner Pro-
duction as a mechanism that promotes sustainable development by
reducing industrial waste and emissions and by providing financial
and technological resources to support a sustainable economy, thereby
reducing environmental costs and benefiting society.

When discussing the implementation of Cleaner Production strate-
gies, it is important to recognise that every product, regardless of its
material composition or intended use, exerts a negative environmen-
tal impact, whether during raw material extraction, production, use, or
disposal (Chehebe, 1998).
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Cleaner Production strategies include good operating practices, im-
proved process control, reuse, recovery and recycling on site, produc-
tion of useful by-products, substitution of raw materials, product re-
formulation and redesign, equipment modification, and technologi-
cal change. Good operating practices encompass organisational pro-
cedures and methods, management practices, waste segregation, im-
proved material handling, production scheduling, inventory control,
and employee training (Nahui-Ortiz et al., 2019).

Cleaner Production represents a comprehensive set of environmen-
tal, efficiency, and process optimisation strategies based on a holis-
tic perspective that encompasses the entire product life cycle. These
proactive and preventive strategies are environmentally friendly and
aim to reduce energy and water consumption, minimise emissions and
waste, and support the development of a sustainable production chain
(Espinosa et al., 2021).

The adoption of Cleaner Production strategies is defined as the ap-
plication of cP practices within production systems in order to en-
able companies to achieve the Sustainable Development Goals (SDGS)
(Satyro et al., 2021).

A prerequisite for the effective implementation of a Cleaner Pro-
duction strategy is adherence to the principle of continuous improve-
ment, which involves systematic actions aimed at reducing adverse en-
vironmental impacts. Organisations seeking to implement voluntary
Cleaner Production commitment systems are required to accept and
comply with the fundamental principles of the CP strategy (Purwanto,
2021).

The process of implementing the Cleaner Production concept is
commonly divided in the literature into five successive phases (van
Berkel, 2000):

Phase I: Planning and organisation management involvement; cre-
ation of a project team; development of an environmental policy;
planning of the Cleaner Production assessment.

Phase II: Initial assessment (qualitative review) company description;
process flow chart; walk-through or on-site inspection; evaluation
of the adopted plan.

Phase 111: Evaluation (quantitative review) data collection; material
balance; identification of Cleaner Production options; prepara-
tion of an options list.

Phase 1v: Assessment and feasibility study preliminary assessment;
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technical assessment; economic appraisal; non-economic evalua-
tion.

Phase v: Implementation and follow-up preparation of an action plan;
implementation of Cleaner Production options; performance mon-
itoring; maintenance of Cleaner Production activities.

Many authors emphasise that Cleaner Production strategies should
be regularly reviewed and updated to ensure continued relevance to or-
ganisational objectives and compliance with governmental and stake-
holder requirements. Continuous monitoring and evaluation are es-
sential to verify whether sustainability goals are being achieved, to
identify optimal material and energy use parameters, and to assess
the effectiveness of implemented actions (Almeida et al., 2015).

Supporting Factors, Barriers, and Benefits
of Cleaner Production Implementation

Indicators Driving the Implementation
of the Cleaner Production Concept

Areview of the literature on the implementation of the Cleaner Produc-
tion (cP) concept indicates that both researchers and business prac-
titioners identify a wide range of motivators influencing the develop-
ment and adoption of this environmental strategy.

According to Jones (1999), one of the most important drivers is the
socio-cultural responsibility of a business entity, resulting from a com-
pany’s involvement in addressing environmental problems within its
operating environment. In contrast, Tate et al. (2010) emphasise that
pressure exerted by stakeholders is a key rationale for companies to im-
plement CP programmes, ultimately leading to greener products and
services. Zhu et al. (2007) identify pressure from market competitors
and environmental organisations as a major stimulus influencing the
implementation of Cleaner Production within companies. According
to Bansal and Roth (2000), the government’s ability to formulate and
implement effective pro-environmental policies that encourage mar-
ket participants to adopt CP solutions plays a critical role in promoting
this agenda.

Perron et al. (2006) highlight the importance of systematic envi-
ronmental training and programmes designed to develop cP-related
competencies, with training extended to all employees, particularly
those directly involved in implementation. According to the French re-
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searcher de Grosbois (2016), normative pressure from local actors such
as the media, industrial consortia, and educational institutions has a
significant influence on management decisions to initiate CP imple-
mentation.

Fernandez et al. (2003) identify the development of a strong pro-
environmental culture within industrial organisations as an important
catalyst for cP adoption. Research by Denton (1999) shows that per-
formance evaluation systems aimed at improving organisational effi-
ciency and productivity are key to expanding CP implementation. Such
systems can also serve as tools for assessing employee engagement in
CP activities and providing feedback for organisational improvement.

Beard and Rees (2000) emphasise the importance of building and
promoting green work teams, particularly in the implementation of
cleaner technologies. In the article Motivating Employees for Environ-
mental Improvement, Govindarajulu and Daily (2004) underline the
need forincentive and reward programmes targeting employees, whose
attitudes can significantly reinforce cP implementation.

Research by Ashton et al. (2002) indicates that effective cooperation
between the public and private sectors in environmental policy and
regulation development, as well as a better understanding of linkages
between industry, trade, and international regulation, can form a foun-
dation for cp implementation. According to Horbach et al. (2012), the
main drivers of CP adoption are market pull, regulatory frameworks,
and technological pressure.

Researchers from Camber University, Gunningham et al. (1997), iden-
tify the development of new green technologies and the ability of small
and medium-sized enterprises (SMES) to acquire them as positive indi-
cators for CP implementation. Chinese scholars represented by Zhangi
et al. (2018) consider institutional pressures to be fundamental moti-
vators and categorise them into four groups:

+ pressures arising from government laws and resolutions,

« regulations stemming from international and national standards
and customer expectations,

+ pressures originating from suppliers aware of supply-chain influ-
ence,

« economic pressures related to internal cost reductions.

A different classification was proposed by Khan (2016), who distin-
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guished between internal and external factors in his dissertation Pro-
moting Cleaner Production and Energy Efficiency in the Industry of Pak-
istan: A Case Study of the Textile Manufacturing Sector. Internal factors
include:

environmental management systems and continuous improve-
ment,

corporate environmental reporting,
environmental leadership,
environmental accounting,
demands of owners and investors,
higher input costs,

company recognition and image,

voluntary environmental initiatives.

External factors include:

pollution prevention,
environmental auditors,
international trade incentives,
financial incentives,

loans from financial institutions,
rising energy prices,

foreign market product specifications,
green consumers,

industry networking,
buyer-supplier relations,
supply-chain requirements,
negotiated self-regulation,
codes of conduct,

education and training,
increasing social pressure,

community involvement in environmental issues.

Researchers from Camber University (Gunningham et al., 1997) fur-
ther identified the most significant drivers of CP strategy implementa-
tion as:

government regulation,
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« access to information through networking and business partner-
ships, particularly for SMES,

« the desire to maintain positive relations with local communities,
especially among larger companies,

« convergence of efficient production processes with advanced cp
tools such as environmental management systems,

« access to financial incentives for investment in cleaner technolo-
gies.

Barriers Slowing Down the Implementation
of the Cleaner Production Programme

Factors negatively affecting the implementation of the Cleaner Produc-
tion concept can be grouped into several categories:

1. Organisational:
« risks to enterprise survival (Vieira & Amaral, 2016),
« lack of corporate focus on cp (Neverauskiene &
Rakauskiene, 2018),
« low environmental awareness (van Berkel, 2007),
- insufficient managerial competence (Siaminwe et al., 2005),
« low employee commitment (Chiu et al., 1999),
- misallocation of resources (Domingues & Paulino, 2009),
- insufficient managerial motivation (van Hoof & Lyon, 2013),
« market pressure linked to CP strategy (Shi et al., 2008),
« inadequate organisational culture (Hitchens et al., 2004),
« lack of environmental priority (Jabbour, 2016),
- methodological constraints in cP implementation (Newig et
al., 2019),
« data protection concerns (Staniskis, 2011).
2. Governmental:
- insufficient incentive policies (Koefoed & Buckley, 2008),
« inadequate support programmes (Mitchell, 2006),
« limited awareness of available incentives (Shi et al., 2008),
« legislation favouring end-of-pipe solutions (Silva et al., 2008).
3. Technical and technological:
« lack of skilled labour (de Oliveira & Alves, 2007),
« insufficient technical knowledge of middle management
(Hamed & Mahgary, 2004),
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« inadequate technical information (Vieira & Amaral, 2016),

- insufficient infrastructure (Shi et al., 2003),

« lack of financial resources for modernisation (Silvestre &
Silva Neto, 2014),

« outdated machinery (Mittal & Sangwan, 2013).

4. Economic and financial:
« limited company assets (Hoof & Lyon, 2013),
. insufficient funds for environmental investments (Ashton et
al., 2018),
« difficulties in accessing credit (Shi et al., 2003),
« obstacles to raising capital (Silva et al., 2015),
« high start-up costs (Chiu et al., 1999).

5. Cultural:

« resistance to change (Severo & Olea, 2010),

« lack of awareness of potential benefits (Klewitz & Hansen,
2014),

- insufficient environmental training (Abdulrahman et al.,
2015),

+ low environmental awareness among management and staff
(Daquino et al., 2014),

- weak commitment to cP (van Berkel, 2007).

6. Legal:
- insufficient resources to implement legislation (Hilson,
2000),
« non-compliance with regulations (Gombault & Versteege,
1999),
« lack of legal knowledge (Hitchens et al., 2004),
. ineffective enforcement (Shi et al., 2003).
7. Socio-market:
« low societal environmental awareness (Park & Byun, 2001),
. limited stakeholder interest in cP (Almeida et al., 2015),
« inadequate societal cooperation in pollution prevention
(Zhang, 2000).

Benefits of Implementing a Cleaner Production Strategy

Despite numerous barriers, organisations implementing Cleaner Pro-
duction strategies can realise substantial benefits, which may be group-
ed into three categories:
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1. Economic:

reduced operating costs and improved efficiency (Kitazawa &
Sarkis, 2000),

lower environmental penalties (Berry & Rondinelli, 1998),
improved access to international markets (Gonzélez-Benito
& Gonzalez-Benito, 2006),

access to environmentally conscious consumer segments
(Ginsberg, 2004),

reduced financial risk (Fresner, 1998),

increased innovation in products and processes (Azzone et
al.,1997),

higher company valuation (Preston, 2001),

expanded business and market opportunities (Berry &
Rondinelli, 1998),

increased organisational efficiency (Sh, 2020),

improved supply-chain efficiency (Henriques & Catarino,
2015),

environmentally responsible economic growth (Gunarathne
& Lee, 2021),

higher productivity (Dodic et al., 2010),

competitive advantage and increased market share (Demirer
& Alkaya, 2018).

2. Social:

increased public trust (Cichy, 2007),

higher employee motivation (Popek & Popek, 2020),
improved corporate image (Miles & Covin, 2000),

better working conditions (Doorasamy, 2015),

reduced need for regulatory restrictions (Kituyi et al., 2000),
improved public health outcomes (Loiseau et al., 2016).

3. Environmental:

environmental protection and sustainable production
(Zameer et al., 2020),

integrated and systemic environmental management (Silva
et al., 2013),

gradual green transformation of organisations (Filho et al.,
2019),

continuous greening of manufacturing processes (Schroeder
et al., 2019),
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« compliance with environmental management systems and
1S 0 14000 standards (Gavrilescu, 2004),

« reduced risks associated with hazardous waste management
(Kituyi & Marani, 2000).

Implementing Sustainability Based
on the Cleaner Production Concept

Sustainability and Cleaner Production (CP) are interrelated concepts
that are increasingly recognised as key elements of international efforts
to address environmental and social challenges. There are many ways
in which Cleaner Production contributes to the Sustainable Develop-
ment Goals (SD GS), with its most prominent contribution being to en-
vironmental sustainability.

Despite this recognition, relatively few publications directly address
the impact of CP practices on the achievement of specific Sustainable
Development Goals, even though the concept is globally acknowledged
as a major tool for achieving sustainable development (Giannetti et al.,
2020).

Over the past 25 years, the vision of sustainable development has
evolved significantly in terms of scope, content, and the sectors ap-
plying this approach. Its objectives have shifted from reducing pollu-
tion and waste generation primarily during production, to designing
products with lower environmental impacts, and further to areas such
as sustainable tourism, environmentally friendly healthcare, and im-
proved quality of life in green and smart cities (Hens et al., 2018).

Due to its philosophy, broad scope, and long-term perspective, sus-
tainable development requires capacity building through the balanced
development of social patterns and the creation of new visions, para-
digms, policies, methodological tools, and applied procedures (Khalili
etal., 2014).

The Sustainable Development Goals, adopted by the United Nations
in 2015, aim to guide the global development agenda until 2030. They
can be interpreted as an attempt to conceptualise sustainable develop-
ment as ‘the art of living well within ecological limits’ (Jackson, 2010),
while meeting three sets of constraints: techno-economic efficiency,
environmental compatibility, and social equity (Clift et al., 2013).

The SDGS are intended to inspire the operationalisation and inte-
gration of sustainable development within economic organisations,
enabling them to respond to current and future stakeholder needs
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while contributing to sustainable development at the societal level
(Fonseca & Carvalho, 2019).

At this point, it is useful to recall the definition of corporate sustain-
ability. Dyllick and Hockerts (2002) define it as meeting the needs of a
company’s direct and indirect stakeholders (such as shareholders, em-
ployees, customers, pressure groups, and communities) without com-
promising the firm’s ability to meet the needs of future stakeholders.

It is important to emphasise that the Cleaner Production concept is
fundamentally grounded in the idea of sustainable development, with
a strong emphasis on pollution prevention at the source. Conceptually,
Cleaner Production promotes the continuous application of preventive
environmental strategies in processes, products, and services aimed at
increasing productivity and minimising risks to people and the envi-
ronment (Alkaya & Demirer, 2014).

Cleaner Production analyses production processes from technical,
economic, and environmental perspectives, treating an economic en-
tity as a macro-system capable of transforming inputs into outputs that
do not harm the environment. The CP programme identifies oppor-
tunities for continuous improvement in environmental performance
without increasing costs, based on a systems approach that allows
interactions among all elements of production processes (da Silva
& Medeiros, 2006). The adoption of CP practices contributes to the
conservation of raw materials and energy, reduces or eliminates toxic
materials, and minimises the volume and toxicity of emissions and
residues during production processes. The textile, apparel, and leather
industries are often identified as priority sectors for CP implementa-
tion (Ghazinoory, 2005).

The CP concept offers a practical means of translating sustainability
principles into concrete actions. It represents a preventive and correc-
tive strategy rather than a reactive approach to addressing global pol-
lution problems (Pandey, 2017). CP also provides a practical pathway
for transitioning the economy toward sustainability by enabling manu-
facturing and service industries to achieve more with fewer resources,
including raw materials, energy, waste, and emissions, while reduc-
ing environmental impacts and enhancing sustainability. By definition,
Cleaner Production also promotes increased profitability through cost
reductions, such as lower material requirements, reduced waste dis-
posal fees, and diminished environmental liability and remediation
costs (Al-Youfi, 2004).



40 Chapter One

The CP concept encompasses specific methodologies for integrating
environmental and sustainability issues within industry, applies rele-
vant analytical and synthetic tools, and challenges traditional design,
manufacturing, and service delivery practices. Cleaner Production
combines preventive environmental methods applied to processes,
products, and services with the goal of increasing efficiency and reduc-
ing risks to society and the environment. These preventive practices
contribute to economic savings and improved environmental quality,
which align closely with the objectives of the SDGS (Zeng et al., 2010).

Cleaner Production practices contribute to sustainable develop-
ment in several ways, with their most significant impact on environ-
mental sustainability. CP reduces the negative effects of industrial ac-
tivities on air and water quality, biodiversity, and ecosystem services
that are essential for human well-being and economic development
(Santos et al., 2019). The Cleaner Production Programme enables sus-
tainability models to be implemented at the company level (Fresner,
1998).

The link between sustainability and the cP programme is based
on two key principles: first, that discussions on waste and emissions
should focus on their sources rather than symptoms; and second, that
increased efficiency in input use is essential for minimising waste and
emissions (Fore & Mbohwa, 2010). Sustainability is therefore a central
issue in the implementation of Cleaner Production, particularly when
CP practices are extended to public stakeholders and society at large
(Cong & Shi, 2019).

Publications by King and Lenox (2002) clearly demonstrate that
Cleaner Production contributes to sustainability objectives. Numer-
ous studies also show that, from both economic and social perspec-
tives, CP practices positively influence ecological management and
sustainable economic development (Getzner, 2002). In both scientific
and business communities, Cleaner Production is widely recognised
as an essential tool for promoting sustainable economic development
in line with Agenda 21 (Gavrilescu, 2004).

It should be noted that the idea of sustainability is a key issue in the
implementation of the Cleaner Production concept, especially when it
allows for the extension of CP practices to society and the stakeholders
of the organisation concerned (Cong & Shi, 2019). On the other hand,
K. Geiser of the University of Massachusetts Lowell established a link
between CP strategies and sustainable development in the manufac-
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turing sector, demonstrating that cP has positively influenced indus-
try by enabling the achievement of SDGS through the development of
procedures and implementation mechanisms (Almeida et al., 2015).

Cleaner Production is therefore an integral and necessary element
in achieving the Sustainable Development Goals. Several of its compo-
nents directly support sustainable development, including (Kazimier-
czyk & Schwager-Ouijano, 2002):

- waste reduction at source and reduced raw material consump-
tion, supporting the sustainable use of the planet’s limited re-
sources,

« pollution prevention, contributing to the environmental dimen-
sion of the triple bottom line,

+ enhanced partnerships and communication with local govern-
ments, universities, and communities to ensure participation and
promote equity,

. return-on-investment calculations that benefit both economic
and environmental performance.

Among the specific Sustainable Development Goals, SD G 12 (respon-
sible consumption and production) is particularly relevant to Cleaner
Production (Yu & Kuo, 2021). This goal is closely linked to many other
SDGS and is considered one of those with the least progress to date. It
requires special attention due to the complexity of supply networks and
provides a strong foundation for research on integrating SDGS into cp
practices (Russell et al., 2019).

Another highly relevant goal is SDG 9 (industry, innovation, and in-
frastructure) (Ishara & Mekala, 2023). Analyses of the literature on SD G
implementation indicate that SD G 9 is the second most frequently ad-
dressed goal among researchers in this field (Santos et al., 2019).

Research by Ugandan scholars Mugagga and Nabaasa (2016) high-
lights the importance of water resources in Africa, demonstrating that
sustainable management of SDG 6 (water and sanitation) through
CP practices is critical to achieving other SDGS, including SDG 1 (no
poverty), SDG 2 (no hunger), SDG 3 (good health), SDG 14 (life below
water), and SDG 15 (life on land).

Empirical research conducted by de Oliveira Neto et al. (2022) among
Brazilian small enterprises in the metal and mechanical industries con-
firmed that cP implementation resulted in tangible economic and en-
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vironmental benefits. The results also demonstrated progress toward
SDG 6, SDG 9, SDG 12, and SDG 15.

Globally, the garment industry has operated beyond planetary re-
source limits for many years (Steffen et al., 2015). Increasing environ-
mental pressure has led to stricter measures aimed at reducing cloth-
ing waste, recycling materials, and improving waste management (Ja-
han, 2017). Studies in the Brazilian textile industry confirmed that cp
practices based on technological innovation enabled economic and
environmental benefits and supported SDG 9, SDG 12, and SDG 15
(de Oliveira-Neto et al., 2019).

The impact of CP practices on sustainability in the service sector has
also been analysed, notably in the Portuguese hospitality market. The
tourism industry, while growing rapidly, has significantly increased its
environmental footprint (Pereira-Moliner et al., 2012) and is now recog-
nised as amajor contributor to environmental degradation and climate
change (Beiling et al., 2013). At the same time, tourism is highly sensi-
tive to environmental quality deterioration (Kadriu, 2016). The above-
mentioned reasons have led the HoReCa industry to start the process
of implementing voluntary programmes aimed at reducing the neg-
ative impact on the environment, as well as promoting environmen-
tally responsible entities (Leroux & Pupion, 2018). The implemented
measures allowed the surveyed entities to achieve large savings in wa-
ter and wastewater management and contributed to improving en-
ergy efficiency (Chen et al., 2018). Through the implementation of cp
practices, the sustainability goals of SDG 6 and SD G7 have also been
achieved.

When discussing the sustainability impact of CP practices in the ser-
vice sector, it is worth zooming in on a study carried out in one chain
of car dealerships located in the state of Rio Grande do Norte. The im-
provements consisted in the implementation of a system of selective
waste collection and external recycling, thanks to these actions it was
possible to implement preventive control of important environmental
aspects in the organisation in question (Dias Pimenta et al., 2012).

Over the last two decades, there has been a growing interest in the
sustainable management of supply chains amongresearchers, industry
leaders as well as policy makers. Currently, the debate is mainly centred
around the topic of configuring them sustainably and the processes for
implementing and managing them. There is full consensus in the com-
munity that economic objectives must not be pursued at the expense of



The Concept of Cleaner Production 43

the environmental and social dimensions (Seuring & Muller, 2008). In
designing sustainable supply chains, the aim should be to design them
in such a way that all stakeholders are satisfied (Hall et al., 2012). Each
actor in the chain, from the supplier to the final consumer, has a role
and all interact with each other. The literature defines sustainable sup-
ply chains as: those chains that consistently perform well in financial,
environmental and social terms (Pagel & Wu, 2009). It is important to
bear in mind that managing supply chains responsibly means acting
within the boundaries of the planet (Rockstrom et al., 2009). Applying
CP practices throughout the product chain can help individual links
in the chain to reduce their individual and collective waste of materi-
als, reduce the level of waste generated and rationalise the energy used
(Almeida et al., 2015), thus meeting SDG 7 and SDG 12.

Research by Silvestre (2015) on sustainable supply chains in the
Brazilian petrochemical industry confirmed the contextual and com-
plex nature of such processes, limiting the potential for broad general-
isation.

The Sustainable Development Goals (SDGS) have ambitious global
priorities related to, among other things, increasing access to energy.
The aspiration of SDG 7 is, to provide universal access to reliable and
modern energy services by 2030. In order for African countries to be
able to continuously use energy without fail, they need to reach out to
CP practices that allow them to reduce the costs of generation, trans-
mission, increase the level of respect for energy, and increasingly use
alternative energy sources (Chirambo, 2018).

Itis worth citing the interesting results obtained by a group of Brazil-
ian researchers on the impact of cleaner production practices on the
achievement of sustainable development goals in the area of operation
of the wood industry in Brazil (Lins et al., 2021). The furniture industry
is one of the largest consumers of wood and at the same time a major
producer of wood waste, thus having a significant impact on the state of
the environment (Aguilar et al., 2017). The implementation of CP prac-
tices in the furniture industry operating in the Brazilian state of Minas
Gerais, focused on material flow and the identification of cP oppor-
tunities to reduce waste, reduce inputs, water, energy and other raw
materials. The above measures achieved savings in the area of water
and wastewater management of 66%, reduced post-production waste
generation from 23% to 93%, and a 3% reduction in input materials. The
savings achieved prevented the felling of 3,900 pine trees and reduced
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carbon dioxide emissions by 13,100 kg. In this context, the implementa-
tion of CP practices has enabled the optimisation of material consump-
tion, reduced the level of waste generated, reduced water consumption,
energy consumption and the conservation of forest resources (Massote
et al., 2013). The tangible benefits obtained have enabled the achieve-
ment of the four Sustainable Development Goals: SDG 6, SDG 7, SDG
12 and SDG 15 (sustainable management of forests).

Although Cleaner Production has been designed solely with environ-
mental sustainability in mind, it has the potential to affect related indi-
cators: social, economic and welfare, measured at the macroeconomic
level, if its traditional model is extended. Constructing a new CP pro-
gramme requires extending its traditional dimension to include amore
comprehensive understanding of sustainability as a multidimensional
goal, which is consistent with the view that environmental, social and
economic sustainability are closely linked.
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Eco-Design

The origins of the eco-design process can be traced back to the late
1980s, when it became evident that end-of-pipe technologies would not
adequately address the two primary sources of environmental prob-
lems: resource scarcity and environmental pollution. Researchers and
business practitioners were therefore challenged to develop concepts
capable of preventing pollution while conserving natural resources. As
a result of these efforts, two main areas of focus were identified: pro-
duction processes and products.

The term eco-design is relatively recent in the fields of management
and quality sciences. It was first defined in the monograph Ecological
Design (van der Ryn and Cowan, 1996) as any form of design that min-
imises destructive environmental impacts through integration with liv-
ing processes (Kallipoliti et al., 2018).

In the literature, the term eco-design is also referred to using alter-
native expressions such as ecological design, design for environment,
green design, sustainable product design, and life cycle design. These
terms are often used interchangeably; however, the term ecodesign is
the most commonly adopted by researchers (Miroshnychenko et al.,
2017).

Eco-design is a concept that integrates human priorities for sustain-
able development with business objectives. Its primary aim is to im-
prove product development methods in order to significantly reduce
environmental burdens (Karlsson & Luttropp, 2006). Eco-design en-
compasses the use of processes that minimise natural resource con-
sumption, increase product durability, reduce product weight, and
limit environmental pollution (Topleva & Prokopov, 2020).

Eco-design covers a broad spectrum of design approaches, ranging
from product- and production-oriented solutions to more comprehen-
sive, solution-oriented concepts (Tukker & Andersen, 2006). It serves
as a tool for facilitating the systematic integration of environmental
aspects into product development processes, addressing and resolving
multiple design-related challenges (Byggeth & Hochschorner, 2006).

45
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The eco-design process also incorporates considerations of energy
efficiency, the use of renewable energy sources, recycled and reclaimed
materials, and materials that can be recycled in the future (Amir et al.,
2022). It is grounded in a holistic approach that accounts for the entire
product life cycle in relation to environmental, health, and safety ob-
jectives (Soh et al., 2014). This approach is characterised by three fun-
damental aspects (Schafer & Lower, 2021):

1. it refers to the design and development of products,
2. it aims to reduce the environmental impact of these products,
3. it considers the entire life cycle of the product.

These characteristics reflect a broad consensus among researchers.
Although eco-design activities are typically led by product develop-
ment departments, the creation of sustainable products requires the
involvement of multiple organisational units and disciplines, includ-
ing manufacturing, business management, environmental research,
and engineering (Thomé et al., 2016).

Green design processes are among the key drivers of closed-loop
economy practices, the relationship of which with the United Nations
Sustainable Development Goals (SD G S) has been widely documented.
Of the 17 SDGs, closed-loop economy practices, supported in part by
eco-design, are directly linked to Goal 6 (Clean Water and Sanitation),
Goal 7 (Affordable and Clean Energy), Goal 8 (Decent Work and Eco-
nomic Growth), Goal 12 (Responsible Consumption and Production),
and Goal 15 (Life on Land) (Schroeder et al., 2018).

Numerous studies emphasise that eco-design inherently incorpo-
rates activities derived from the product life cycle assessment (LCA)
concept (Yung et al., 2012). These activities span advanced develop-
ment, design, raw material selection, production, marketing, distri-
bution, use, and end-of-life disposal (Thamsatitdej et al., 2017). This
approach is particularly important given that empirical evidence indi-
cates that 60-80% of a product’s environmental impact is determined
during the design stage (Posch & Perl, 2007). Consequently, integrat-
ing ecological considerations into product design marks the starting
point for reducing environmental impacts. The full potential of eco-
design, however, is realised when the maximum possible reduction of
environmental impacts across the entire product life cycle is achieved
(Hubner, 2012).

Over the past two decades, extensive scientific research and practi-
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TABLE 2.1 Selected Definitions of the Term Eco-Design

Source Definition
Platchecketal. A holistic approach in which, from the knowledge of environmen-
(2008) tal problems and their causes, we begin to influence the concept

Pigosso et al.
(2010)

of material selection, production, use, reuse, recycling and final
disposal of industrial products.

A proactive approach to environmental management that aims to
reduce the overall environmental impact of manufacturers.

Plouffe et al. A proactive approach to environmental management that aims to
(2011). reduce the total environmental impact of manufacturers.
Borchardtetal. A set of design practices aimed at creating environmentally effi-
(2011) cient products and processes.

Dostatni (2018) A design strategy compatible with the concept of sustainability.

Maccioni et al.
(2019)

Garcia-Sanchez
etal. (2019)

A method of construction whose action is within the development
of a product, aiming at the environmental impact throughout its
cycle, while maintaining the same technical parameters.

The systematic integration of environmental considerations into
the development of products and processes.

Charter (2019)  The process of integrating environmental considerations into de-
sign and development to reduce the environmental impact of
products throughout their life cycle.

Schéfer and The practice performed by product developers to reduce the nega-

Loéwer (2021)

tive environmental impact of a product throughout its life cycle.

cal work have been conducted at various stages of the evolution of the
eco-design concept. The most significant developments include:

« the extension of eco-design toward sustainable services (Miche-
lini & Razzoli, 2004),

« the dissemination of the concept through the development of
tools and methods for education and implementation among eco-
nomic operators (Quella, 2001),

« the incorporation of eco-design into standards of both normative
character (e.g. the 150 14000 series) and prescriptive character
(e.g. 150 14062) (Boks, 2006).

Despite extensive academic and practical efforts, no single univer-
sally accepted definition of eco-design has been established. Table 2.1
therefore presents selected definitions of the eco-design concept.

In their work, Schifer and Lower (2021) identify three defining char-
acteristics of eco-design that are common to most definitions:
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1. it concerns the design and development of products,
2. its aim is to reduce the environmental impact of these products,
3. it takes into account the full life cycle of products.

Based on research conducted by Shu-Yang et al. (2004), the eco-
design process is founded on seven key principles:

« the need to meet the inherent needs of people and the economy,

« the requirement to maintain the integrity of both structure and
function in natural and managed ecosystems,

« the use of nature’s inherent designs as models for anthropogenic
management systems,

+ the need to progress toward a sustainable economy through in-
creased reliance on renewable resources and a stronger emphasis
on reuse, recycling, and efficient use of materials and energy,

« the application of ecological economics or full-cost accounting to
comprehensively address resource depletion and environmental
damage, thereby confronting the issue of natural debt,

+ the need to protect natural ecosystems and indigenous biodiver-
sity at a realistic level,

+ the requirement to raise environmental awareness in order to
build public support for sustainable development, natural re-
source conservation, and environmental protection.

Within the eco-design process, a range of strategies can be dis-
tinguished, including design for recycling, recovery, long-term use,
and energy efficiency. All of these strategies aim to improve the en-
vironmental performance of products across multiple dimensions and
stages of their life cycles (Lindhqvist & Lifset, 1998). The selection and
integration of one or more of these strategies into an organisation’s
corporate strategy remains the responsibility of manufacturers and
designers (Quella & Schmidt, 2003).

The systematisation of eco-design strategies contributes to enhanced
sustainability of products and services, drawing on diverse application
areas of the eco-design concept (Silva et al., 2023).

Table 2.2 presents five eco-design strategies along with their general
principles.

In summary, it should be stated that the implementation of an
eco-design process by a business organisation contributes to envi-
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TABLE 2.2 Eco-Design Strategies and Their General Principles

Strategy General principles

Design with sustainable « use of recycled materials as secondary raw materials,
sourcing in mind (Hiib- « sourcing primary or renewable raw materials from sus-
ner 2012). tainably managed production processes.

Designing for resource « avoid unnecessary consumption of materials and reduce
optimisation/LCA (Bap- the quantity of materials,

tista et al., 2018). choose recycled and recyclable materials over non-
recyclable ones,

use materials that do not contain hazardous substances,
optimise the process to reduce resource consumption
and the environmental impact of by-products,
manufacture without producing hazardous compounds
or incorporating them in the product,

use of clean technologies (renewable energy sources).

Designing for environ-  « minimising exposure to hazardous substances during
mentally friendly and product use,

safe use/energy effi- minimising particulate emissions during use,

ciency energy efficiency - minimising the likelihood of littering,

(de Grave et al., 2010). minimising product energy consumption.

Design allowing easy disassembly of the product to ensure re-
long-term use/dis- pair/replacement of part of the product instead of
assembly/maintenance  replacing the whole product,

of the product (Rossi et -« creation of durable products,

al., 2016). - maintenance of the product to avoid the need for repair
or replacement of parts.

Design for reuse/recy- -« identifying parts of a product that can be reused properly

cling/recovery and re- and parts that can be recycled,

cycling of materials (de - easy disassembly of products to recover and sort parts

Grave et al., 2010). that are still suitable for reuse or recycling,

use of recyclable polymers and/or polymer blends using
existing infrastructure.

ronmental improvement, enhances the economic health of the com-
pany, builds stakeholder trust, and strengthens the overall image of
the entity. However, despite the numerous benefits associated with
eco-design at the current stage of economic development, its level of
adoption remains relatively low among companies (Paulson & Sundin,
2015).

Eco-Materials

The early 1980s marked the beginning of a discussion among research-
ers and economic practitioners on the development of a new, environ-
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mentally sensitive approach to material-related issues (Jansen, 2003).
The concept of eco-materials was formulated in 1991 as a result of dis-
cussions held at the international conference of the Rare Metals Fo-
rum of the Society of Non-Traditional Technology, which focused on
identifying the characteristics of next-generation structural materials
(Nishimura & Tada, 2003).

The term eco-material refers to environmentally friendly or environ-
mentally oriented materials (Nowosielski et al., 2007). Appropriate ma-
terial selection is one of the most important phases of the product de-
sign process and has a significant impact on the development of sus-
tainable products (Zarandi, 2011). Traditionally, material selection was
based primarily on technical and economic criteria such as strength,
temperature resistance, density, hardness, and price. Today, however,
these criteria are no longer sufficient, as environmental considerations
are increasingly taken into account (Deng & Edwards, 2007).

Consequently, sustainable material selection should be regarded asa
multi-objective decision-making problem, involving the optimal align-
ment between available material profiles and project requirements
(Dehghan-Manshadi et al., 2007). Since materials are typically used as
components of products, life-cycle thinking is closely associated with
product design across the entire life cycle (Bovea & Gallardo, 2006).
According to Chiner (1988), the selection of sustainable materials is a
complex process that requires managing large amounts of information
on material properties, often with multiple viable solutions for a given
application.

By contrast, Baharetha et al. (2012) argue that material selection
should aim to maximise durability, energy efficiency, recyclability, ease
of maintenance, and the use of local materials in order to reduce envi-
ronmental impacts. Eco-materials represent a key concept in techno-
logical development, aiming to harmonise materials with their envi-
ronmental context by minimising environmental burdens throughout
their life cycle (Halada, 2003). This concept introduced a new approach
whereby materials should be produced with lower environmental im-
pacts while remaining compatible with material flow systems (Halada
et al., 2002).

The transformation of conventional materials into environmen-
tally friendly alternatives has become a necessary and indispensable
process for addressing major environmental challenges, including re-
source depletion, climate change, ozone layer depletion, atmospheric
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pollution by dioxins, and the growing need for recycling technologies
(Baba, 1999). The primary objective of eco-material development is to
encourage materials that are environmentally benign, impose mini-
mal environmental burdens during production through efficient raw
material use, and are highly recyclable (Oyawa, 2004).

The first formal definition of eco-materials was proposed by Japanese
researchers Nishimura and Tada (2003), who described them as sub-
stances and materials that support societal sustainability in harmony
with the global environment. Sustainable materials are often charac-
terised as materials with high recycled content, low emissions (Zhou et
al., 2009), rapid renewability (Glavic & Lukman, 2007), and high levels
of reuse (Mora, 2007). According to Bontempi et al. (2021), sustainable
materials are derived from renewable resources and exhibit minimal
or zero environmental and social impacts during extraction and pro-
duction.

A comprehensive definition was proposed by Yagi (2002), who stated
that eco-materials should reduce negative environmental impacts dur-
ing their life cycle and meet at least one of the following nine charac-
teristics relative to traditional materials:

1. energy-saving capability,
2. resource-saving capability,
3. recyclability,

4. structural reliability,

5. chemical stability,

6. biosecurity,

7. substitutability,

8. cleanability,

9. ease of use.

According to Halada and Yamamoto (2001), eco-materials are ma-
terials that enhance environmental performance throughout their life
cycle while maintaining responsible functional performance. Mezawa
et al. (2019) define eco-materials as materials developed through en-
vironmental life-cycle engineering that outperform conventional ma-
terials in life-cycle assessments. Ljungberg (2007), by contrast, defines
eco-materials as materials that reduce environmental burdens across
their entire life cycle (Shinohara, 2004).
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From a practitioner’s perspective, Heine defines sustainable materi-
als as those that fit within the constraints of a sustainable material sys-
tem, where both the material and the system must be mutually com-
patible to achieve sustainability (Mohamed et al., 2019). Sustainable
materials are often classified into three main groups: earth materials,
natural fibres, and industrial waste materials (Hsieh et al., 2012).

Sustainable materials are characterised by low consumption rates
and high ease of integration (Dammann & Elle, 2006), high durabil-
ity (Mora, 2007), safe use (Zhou, 2009), high user satisfaction (Ljung-
berg, 2007), and alignment with societal expectations (Glavic & Luk-
man, 2007).

The implementation of eco-materials in manufacturing processes is
driven by several factors, including:

« corporate social responsibility (Bukarica & Robi¢, 2013),

« access to environmentally oriented financing programmes (Gie-
sekam, 2016),

« improved indoor environmental quality (Tokbolat et al., 2020),
« enhanced corporate image and reputation (Serpell et al., 2013),
. increased energy efficiency (Durdyev, Zavadskas et al. 2018),

« reduced waste generation (Dubem, 2014),

« life-cycle cost savings (Durdyev, Ismail et al. 2018),

« reduced environmental impacts (Organ et al., 2013),

« supportive environmental policies (Bond & Perrett, 2012),

« customer demand for greener products (Giesekam, 2016).

Despite these drivers, several barriers hinder the widespread adop-
tion of eco-materials:

- insufficient financial incentives (Ametepey et al., 2015),

« resistance to changes in manufacturing practices (AlSanad, 2015),

« perceptions of inferior quality (Akadiri, 2015),

« limited supplier availability (Ohiomah et al., 2019),

« lack of demonstration projects (Darko et al., 2017),

« limited awareness of sustainability benefits (Shari & Soebarto,
2013),

« insufficient environmental concern (Durdyev, Zavadskas et al.,
2018),
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lack of training and education on eco-materials (Durdyev, Ismail
et al. 2018),

inadequate awareness of green technologies (Hakkinen & Belloni,
2011),

long payback periods (Dalirazar & Sabzi, 2023).

Trela (2017) proposed six criteria that materials must meet to be con-
sidered eco-materials:

minimal consumption of natural resources,
environmental protection and purification functions,
minimal environmental impact during production,
absence of hazardous substances,

high operational performance,

ease of recyclability.

A slightly different set of criteria for confirming that a material is en-
vironmentally friendly was published by Metwally (2019), according to
whom these are:

materials of natural or renewable origin,

materials produced from efficient resources, where production is
by industrial processes that consume low amounts of energy, pro-
duce no residues and reduce greenhouse gases,

materials with a local availability which reduces the energy re-
quired for their transportation,

materials with the possibility of being reused or recycled through-
out their life cycle,

materials with a high durability, as with traditional
materials with a longer lifespan,

non-toxic or low-toxicity materials,

materials with low emissions of volatile organic compounds,
materials resistant to moisture,

materials with low maintenance costs,

materials with unlimited flexibility in the design process.

Eco-materials can be classified according to different criteria. Based
on their relationship with the environment, Nishimura and Kuniyuki
(2002) distinguish three categories:
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materials providing cleaning and catalytic functions,
system components enabling highly efficient and clean energy
systems,

materials with low environmental loads that contribute through
favourable properties such as recyclability.

A second division of eco-materials relating to their recyclability was
presented by Halada (1999) grouping them into three levels:

easily dispersible materials with functional properties (e.g. mate-
rials used in packaging, batteries, paints),

bulk materials with functional properties (e.g. materials used in
packaging, batteries, paints),
transmission materials (e.g. sheets with a high tensile coefficient).

The latter, by contrast, stems from the perspective of the manufac-
turers themselves. According to this view, eco-materials are classified
into the following six categories (Umezawa et al., 2007):

materials for environmental clean-up,

materials for enhanced performance,

materials with no (or minimised) hazardous substances,
materials with a green environmental profile,

materials with higher recyclability, and

materials with higher resource productivity.

Within the framework of the discussed issues, it is worth noting
the division of eco-materials prepared by a team of Polish researchers
(Nowosielski et al., 2007), who classified eco-materials into four groups
according to two criteria, their source of pow and function:

non-linear source materials,
materials for ecology and environmental protection,
materials for society and human health,

energy materials.

The demand of the world economy for sustainable materials has
been slowly increasing over the last two decades. In addition to the
ecological aspect, there are several other advantages of their use. How-
ever, it should be noted that the implementation rate of eco-materials
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remains unsatisfactory. There appears to be an immediate need to in-
crease education and information activities to raise awareness of them,
particularly in terms of their potential benefits. The following are the
benefits associated with the use of green materials:

« reduce manufacturing costs (Ugochukwu & Chioma, 2015),
« reduce global greenhouse gas emissions (Huang et al., 2019),
« improve human well-being (Lomas, 2019),

« can be recycled (Abyzov et al., 2020),

« contribute to the preservation of biodiversity (Omer & Noguchi,
2020),

« are environmentally friendly, safe, non-toxic and also non-radio-
active (Chan, 2021),

+ promote knowledge transfer through environmental flexibility
(Adeniyia et al., 2020),

« increase energy efficiency (Oshike, 2015),
. are accessible and affordable (Danso, 2013),

« are highly energy-efficient and easily accessible to the public (Mag-
utu, 2015),

« contribute to healthier spaces (Venkitaraman & Joshi, 2002),

« influence the achievement of specific sustainable development
goals.

In conclusion, the main institutional barriers to the development of
green materials can be summarised as the lack of governmental finan-
cial incentives and the fragmentation of legal and institutional frame-
works. Another major obstacle to expanding their production is the
insufficient capacity for effective collaboration among diverse stake-
holder groups. Consequently, research and technological development
must be accelerated to better align with future market expectations.
Raising stakeholder awareness is also crucial for advancing the devel-
opment of eco-materials. National governments should launch cam-
paigns to encourage both producers and consumers to adopt the con-
cept of eco-materials. Incentive-based policies can serve as a powerful
internal driver to increase the adoption of green materials, while leg-
islation promoting environmentally friendly materials can play a sig-
nificant supporting role. Finally, local economic conditions, regional
resources, and existing production capacities should be taken into ac-
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count when establishing and refining production standards for envi-
ronmental materials.

Green Technologies

The concept of green technologies and processes emerged in the 1960s
as part of the environmental movement in industrialised countries. The
application of such technologies and processes is recognised by both
researchers and economic practitioners across households, industry,
energy systems, and product manufacturing. The implementation of
green technologies enables companies to introduce environmentally
friendly processes into production, thereby reducing the negative en-
vironmental impacts of production activities (Vrchota et al., 2020).

The scope of green processes and operations encompasses prod-
uct development and life-cycle management, including environmen-
tal practices such as eco-design, Cleaner Production, recycling, and
reuse, with a particular emphasis on minimising costs associated with
production, distribution, use, and disposal (Lai et al., 2012). In gen-
eral terms, green technologies refer to specific technologies, industrial
processes, or stages of product manufacturing that are capable of re-
ducing environmental pollution, promoting the rational use of natural
resources, and increasing the utilisation of renewable energy sources
(Heng & Zou, 2010). In both scientific research and business practice,
the term green technologies (greentech) is often used interchangeably
with clean technologies (cleantech) and environmental technologies (en-
virotech) (Kwazo et al., 2014). Green technologies, however, are fre-
quently understood as broader approaches and solutions that extend
beyond conventional environmental technologies. The implementa-
tion of green technology projects aims to conserve natural resources
and energy while preventing, mitigating, or minimising pollution and
environmental degradation (Zhang et al., 2024).

It should be noted that green technologies play a significant role in
stimulating sustainable development by identifying environmentally
friendly sources of economic growth, fostering the development of new
green industries, creating employment opportunities, and supporting
the implementation of innovative technologies (Ghisetti & Quatraro,
2017). Sustainable green technologies contribute to the formation and
advancement of a sustainable society while simultaneously promoting
environmental protection and economic development. Particular at-
tention should therefore be paid to the factors influencing the innova-
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tion capacity of green technologies and to differences in development
priorities across sectors (Fujii & Managi, 2019).

Business entities, as key actors in market economies, are the primary
drivers of green technological innovation (Wang et al., 2019). Compa-
nies that successfully implement green technological innovations can
gain access to critical resources through their technological compet-
itive advantages (Sellitto et al., 2020). First, green technological inno-
vation helps firms reduce production costs, conserve resources, and
minimise environmental pollution generated by production processes
(Stucki, 2019). Second, green innovative technologies are increasingly
recognised as strategic resources that confer unique competitive ad-
vantages (You et al., 2019). Third, the adoption of green technological
innovations assists companies in mitigating environmental pressures
and operational risks, improving cost control, and enhancing produc-
tion efficiency (Cop, 2021). Finally, by introducing products based on
green technological innovations, companies can command price pre-
miums and strengthen their market competitiveness (Yin, 2020).

Despite extensive discussion in the literature and among practition-
ers, there is no single universally accepted definition of green tech-
nology. Researchers approach the concept from different perspectives
based on their disciplinary backgrounds and empirical studies. Table
2.3 therefore presents selected definitions of the term green technology.

An analysis of the literature on environmental technologies allows
three main categories to be distinguished (Muralikrishna et al., 2017):

« Low- and zero-waste production technologies, which aim to min-
imise waste at all stages of the production cycle through process
modifications, good housekeeping practices, recycling and reuse,
and the eco-design of equipment, machinery, and product formu-
lations;

+ Recycling technologies, which focus on the recovery of raw materi-
als, energy, water, and by-products, often within end-of-pipe treat-
ment processes;

« Waste recovery and recycling technologies, which enable the manu-
facture of products with alternative end uses and achieve waste
minimisation through the application of selective, environmen-
tally friendly techniques.

Key criteria guiding the implementation of green technologies in-
clude (Sood et al., 2015):



58 Chapter Two

TABLE 2.3 Selected Definitions of the Term Green Technology

Sources Definitions

Braun and A general term for process or product technologies that reduce en-
Wield (1994)  vironmental pollution, energy consumption and raw materials.
Barlet and Innovations in products and processes that provide value to the

Trifilov (2010)

customer and the company but significantly reduce environmental
impact.

Bakar et al.
(2011)

Bhardwaj and
Neelam (2015)

An initiative to improve various types of systems and materials,
from techniques to energy generation to non-toxic products.

The improvement and application of equipment, systems and prod-
ucts used to save nature and environmental resources that will
minimise the adverse effect of human activities.

Morioka and
de Carvallo

An integrated environmental strategy from process to end-user that
prevents environmental risks, which is closely linked to business

(2016) performance.

Shafiei and A broad concept and field of new, innovative ways of environmen-

Abadi (2017) tally friendly manufacturing and changes in everyday life. It is cre-
ated and used in such a way as to protect natural resources and the
environment. It is intended to be an alternative source of technol-
ogy that reduces the use of fossil fuels and shows less harm to hu-
mans, animals and plants and the world at large.

Diana et al. Using raw materials that have a low negative impact on the envi-

(2017) ronment, processing them efficiently and promoting the reuse and
minimisation of waste and final products thus changing the prod-
ucts and processes of a given production cycle.

Lal (2018) A technology that has the potential to increase environmental per-

formance towards other technologies.

« energy efficiency (EE),

« indoor environmental quality (EQ),

« sustainable site planning and management (SM),

« materials and resources (MR),

. water conservation (WE),

. innovation (IN).

Green technologies can contribute to addressing societal challenges
across both basic and advanced areas of civilisation. The objectives of
environmental technologies in selected areas of society are presented

in Table 2.4.

The future of sustainable development will depend on the imple-
mentation of practical green solutions across many areas that promote
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TABLE 2.4 Action areas and objectives of green technologies

Areas Goals

Agriculture Avoiding environmental degradation in agricultural processes.

Food processing To eliminate toxic substances in food and avoid greenhouse gas
emissions and environmental degradation in all food packaging
processes.

Drinking water ~Large-scale filtration of used water and seawater using green pro-
cesses without environmental degradation.

Sustainable en- Developing technologies to harness potential natural energy
ergy sources to generate energy without environmental degradation.

Consumer prod- Production of a variety of new-generation consumer products,
ucts packaging manufacture and use by purchasers without side ef-
fects or environmental degradation.

Cars Production of energy-efficient, emission-free cars using renewable
energy sources.

Construction Construction of environmentally friendly, energy-efficient, intelli-
gent buildings.

Industrial au- Developing industrial processes that are environmentally friendly,

tomation with no greenhouse gas emissions, recyclable, products that use

green energy.

Air and space Use of green energy and environmentally friendly materials and
travel processes in air and space travel.

Health Use of green technology and green processes in all health and
medical services.

Education Use of green technology in all education services.

Communication, Development and use of environmentally friendly, recyclable elec-
information and tronic and computer components that use renewable energy and
computing are efficient.

NOTES Adapted from Aithal and Aithal (2016).

the development of clean technologies. Green technologies can help
create a new relationship between people, nature, and the contempo-
rary world (Wu & Strezov, 2023). The concept of green technology pre-
sented by the authors clearly demonstrates that, in order to address
growing environmental crises, the global economy must undertake a
green transition toward more sustainable modes of production and
consumption. An essential element of such a sustainability transition
is the implementation of clean and environmentally friendly technolo-
gies. Although the green technology market has a relatively short his-
tory, it has attracted significant interest from governmental and busi-
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ness stakeholders, as well as from the third sector, due to increasing
awareness of climate change impacts and the depletion of natural re-
sources.

Environmental Labels and Declarations

The use of labels and declarations to inform consumers about the en-
vironmental performance of products has a long and well-established
history. One of the earliest examples is the Demeter label, created in
1928 to enable consumers to choose products originating from biody-
namic agriculture. The Demeter symbol was registered as a trademark,
and the first quality standards were formulated at the same time. Half a
century later, the Blue Angel label was introduced in 1978 and is widely
regarded as the first comprehensive eco-label, incorporating multiple
criteria and a life-cycle perspective. Following its introduction, subse-
quent decades saw a global increase in the number of environmental
labels and declarations in operation (Skaar, 2023).

Environmental labelling focuses on the standardised communica-
tion of the environmental aspects of manufactured products. It is a
global process driven by societal concerns related to safety, health,
and environmental performance (Xu et al., 2017). The labelling pro-
cess serves as a means of communicating product information to con-
sumers through symbols (d’Souza, 2000). The environmental impacts
of products are expressed through eco-labels and claims designed to
convey environmental information (Charter, 2001), indicating that a
product complies with established environmental standards (Witek,
2017).

Eco-labels have been introduced to validate the principles of sustain-
ability, guide green purchasing decisions, and enhance environmental
and social performance in relation to products and processes (Yeni-
pazarli, 2015). They function as policy tools that identify the best envi-
ronmental options available on the market for consumers wishing to
express their preferences through purchasing decisions (Harbaugh et
al., 2011). Eco-labels also support the cognitive decision-making pro-
cesses of consumers (Thogersen & Nielsen, 2016).

Although consumers are often not fully aware of the certification
and control procedures underlying eco-labelling, which may raise con-
cerns about the authenticity of green products, they nevertheless tend
to place trust in certifying organisations and are willing to pay higher
prices for labelled products (Gerrard et al., 2013). Consumer trust is



Cleaner Production Activities 61

therefore one of the most important factors determining the success
of external certification programmes (Janssen & Hamm, 2012).

Environmental labels are frequently used by business entities to dif-
ferentiate their products, position them in the market, and commu-
nicate environmentally friendly messages to stakeholders (d’Souza,
2000). According to Russel and Robidas (2019), an environmental la-
bel is a seal, symbol, or logo that conveys information indicating that a
product meets a broad range of environmental standard criteria during
production and even after use.

Baranyi (2008) defines an eco-label as a communication tool indi-
cating that a product bearing such a label has a lower environmen-
tal impact throughout its life cycle, from cradle to cradle, compared
to similar products or services. Bruce and Laroiya (2007) describe eco-
labelling as a market-based technique for communicating consumers’
environmental requirements. Truffer et al. (2001) define eco-labelling
as the provision of relevant environmental information on product la-
bels in order to promote environmental objectives through consumer
choice.

According to Thogersen et al. (2010), eco-labelling involves provid-
ing consumers with information on the environmental quality of prod-
ucts at the time of purchase to assist them in selecting environmen-
tally acceptable options. Atkinson and Rosenthal (2014) view eco-labels
as information tools designed to inform consumers about the external
environmental impacts of products related to their production, con-
sumption, and disposal. The primary purpose of eco-labelling is to re-
duce information asymmetry between producers and consumers re-
garding the environmental attributes of products and services (Delmas
& Lessem, 2017).

Based on a study conducted by Delmas and Grant (2008), three key
steps were identified as crucial in the eco-labelling process:

« adoption of environmentally friendly practices by the company,
« third-party environmental certification of the company,

« communication of certification through labels placed on products
for consumers.

Eco-labels perform several important functions (Kowal et al., 2013):

1. Environmental function, which is primary and reflects the role of
eco-labels as instruments of environmental protection.
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2. Information and education function, related to providing reliable
and transparent information on product characteristics and envi-
ronmental impacts.

3. Stimulation function, encouraging manufacturers to adopt pro-
environmental activities in line with Cleaner Production princi-
ples.

4. Marketing function, supporting the development of competitive
advantage, increasing sales of environmentally friendly products,
and limiting the market presence of environmentally harmful
goods.

5. Protective function, including;

« protection of social interests by transferring environmental
costs to producers,

« protection of consumers through transparent product infor-
mation,

« protection of economic operators’ interests by reflecting buyer
preferences.

The eco-labelling process may take into account different criteria de-
pending on the information that management intends to communi-
cate to consumers. Purchasers may consider one or more of the follow-
ing product characteristics to be particularly relevant (Golaszewska-
Kaczan et al., 2015):

« presence of toxic substances,

« presence of artificial additives,

+ greenhouse gas emissions from production, transport, and con-
sumption,

« resources used in the production process,

+ waste generated during production,

« use of non-renewable resources,

+ energy consumption,

« water pollution caused by production,

« geographical origin of products and resources,

« use of child labour.

The increasing number of labels and declarations has created a need
for greater cooperation among organisations involved in standardi-
sation. Through the International Organization for Standardization
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(180), a series of standards known as the 1S0 14020 family was de-
veloped in the late 1990s, establishing principles for communicating
environmental performance through labels and declarations (Rusko &
Koraus, 2013). Three main types of voluntary environmental labels are
defined (Minkov et al., 2018):

1. 1S 0 14024:1999 — Type I environmental labelling,
2. IS0 14021:1999 — Type 11 self-declared environmental claims,
3. 1SO/TR 14025:2000 — Type 111 environmental declarations.

Type I labels, also known as official eco-labels, are voluntary schem-
es certified by third parties that indicate superior environmental per-
formance within a product category and aim to encourage more sus-
tainable consumption patterns (Horne, 2009). Type 11 labels are self-
declared claims by manufacturers, typically addressing a single envi-
ronmental attribute and often used due to limited regulatory oversight
(Lavallée & Plouffe, 2004). Type 111 labels are life-cycle-based environ-
mental declarations containing verified quantitative data and are the
least commonly used form (Struwig & Adendorff, 2018).

In conclusion, it is worth emphasising that over the last few years
eco-labels should be seen in the context of the benefits they can bring to
both producers and consumers (Wang et al., 2015). Eco-labels have be-
come astrategic means of communication for environmentally friendly
products (Clemenz, 2010).They have a positive impact on consumer
awareness of the environmental identity of products, which has been
recognised by national governments, economic operators and other
organisations concerned with environmental issues in the broader
sense (Sammer & Wiistenhagen, 2006). From the point of view of a
business organisation, eco-labels are expected to promote environ-
mentally friendly products and provide companies with a competitive
advantage. For consumers, eco-labels aim to reduce uncertainty about
the environmental impact of products and to help customers choose
those products that are more environmentally friendly and cause less
environmental damage throughout the life cycle of the product (Murali
etal., 2018).

Eco-Efficiency in the Context of Cleaner Production

The term efficiency has its roots in antiquity and is derived from the
Latin efficiens, which in turn comes from the verb ex facio and means
to obtain or accomplish something. The concept can be found in both
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pre-Roman civilisation and ancient Greece, where the term oikonomia
first appeared, referring to the efficient management of household re-
sources (Rodica & Ion, 2013).

An important milestone for the concept under discussion is the year
1978, when the notion of eco-efficiency was first described by McIn-
tyre and Thornton (1978). However, it was not until 1992 that the term
gained widespread recognition following its popularisation by Stephan
Schmidheiny (1992) in his book Changing Course: A Global Business Per-
spective on Development and the Environment. In this monograph, the
author sought to change the prevailing perception of industry as the
primary cause of environmental degradation, presenting it instead as
a key actor and part of the solution for sustainable global develop-
ment.

It should be noted that over the past decade, owing to the involve-
ment of international institutions such as the Organisation for Eco-
nomic Co-operation and Development (OECD), the World Business
Council for Sustainable Development (WBCSD), and the scientific
community, the concept of eco-efficiency has attracted considerable
attention from decision-makers and business managers. As a result, it
has been widely promoted and implemented across numerous indus-
tries.

Eco-efficiency is a key concept that deliberately integrates the eco-
nomic aspects of production with its environmental impacts. It is
achieved through the progressive reduction of environmental burdens
and excessive resource use throughout the life cycle of products, to
a level that does not exceed the assimilative capacity of the planet
(Nowosielski, 2008). Eco-efficiency is regarded as a fundamental prin-
ciple of environmental action and one of the most desirable approaches
in terms of organisational development (Janicke, 2008), administrative
compliance, and business challenges (Huppes & Ishikawa, 2005).

According to the literature (Zbierowski, 2010), the concept of effi-
ciency consists of two dimensions: efficiency and flexibility. Efficiency,
also referred to as economic efficiency, encompasses economic, tech-
nical, and non-economic efficiency (Kowalski, 1992). Efficiency may be
understood in two ways: as a general term indicating work that is car-
ried out effectively and economically, and as a technical assessment
rooted in industrial experience, closely linked to machine performance
and energy thermodynamics (Alexander, 2009).

Glavic et al. (2012) define eco-efficiency as a management strategy
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of doing more with less, based on creating greater quantities of prod-
ucts and services using fewer natural resources, while generating less
waste and pollution. Itis a pathway to sustainable development that in-
tegrates environmental performance with economic outcomes. Mick-
witz et al. (2006), in turn, describe eco-efficiency as a tool for sustain-
ability analysis that reflects the practical relationship between eco-
nomic activity and environmental costs and impacts.

Spanish researchers from the University of Salamanca, Gallego-
Alvarez et al. (2014), identify several elements of environmental per-
formance, including minimising pollutants, conserving resources, re-
ducing waste, saving energy, marketing safe products, and reporting
potential risks.

For eco-efficiency to be effectively applied within companies, ap-
propriate environmental performance criteria are required to monitor
trends over time. Such criteria include material consumption, energy
intensity, pollution emissions, use of renewable resources, and product
life extension, all of which are closely linked to production activities. In
this context, eco-efficiency is associated with several complementary
concepts of sustainable management, including Cleaner Production,
industrial ecology, life-cycle thinking, corporate social responsibility,
and the circular economy (Rybaczewska-Blazejowska, 2021). Accord-
ingly, eco-efficiency is applied in multiple domains, such as public pol-
icy (Hukkinen, 2003), cleaner production (Stevenson & Evans, 2004),
industrial ecology (Ehrenfeld, 2005), and environmental management
and corporate sustainability (Figge & Hahn, 2004).

A widely accepted definition of eco-efficiency was proposed by the
World Business Council for Sustainable Development (WBCSD), ac-
cording to which eco-efficiency is achieved by providing competitively
priced goods that meet human needs while progressively reducing en-
vironmental impacts and resource intensity throughout the life cy-
cle (de Simone & Popoff, 2000; WBCSD, 2006). The Organisation for
Economic Co-operation and Development (OECD, 1998) defines eco-
efficiency as the ratio of the economic value of outputs to the environ-
mental impacts associated with products or services.

Similarly, Huppes and Ishikawa (2005) define the eco-efficiency of a
product as the ratio of its economic value to its environmental impact.
Michelsen et al. (2006) describe eco-efficiency as the value of a product
or service per unit of environmental impact. Reinhard et al. (1999) pro-
vide amore detailed definition, describing eco-efficiency as the ratio of
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the minimum observable use of environmentally harmful inputs, given
observed levels of desired outputs and conventional inputs.

Lober (1996) views environmental performance as an organisation’s
commitment to preserving and protecting its environment across mul-
tiple dimensions, including water, air, and soil quality. In contrast, Long
etal. (2015) define eco-efficiency as the ability of enterprises to produce
goods or services while conserving energy and resources and reducing
waste and emissions. According to Moller and Schaltegger (2005), eco-
efficiency reflects the relationship between the creation of economic
value and the resulting environmental impacts. Levidow et al. (2014)
define eco-efficiency as the process of increasing economic benefits
while reducing environmental burdens.

Sinkin et al. (2008) describe eco-efficiency as a management phi-
losophy that stimulates environmental improvements yielding paral-
lel economic benefits. Lee et al. (2016) define eco-efficiency in the con-
text of sustainable development strategies as a specific methodology
for achieving sustainable development in the actions of governments,
businesses, and individuals.

Conducting an eco-efficiency analysis within a business organisa-
tion primarily aims to (Czaplicka-Kolarz et al., 2010):

« reduce resource consumption, particularly energy, materials, wa-
ter, and land;

« reduce environmental impacts by lowering emissions of pollu-
tants and toxic substances and increasing the use of renewable
raw materials;

+ increase the added value of products through improved function-
ality, durability, and flexibility with lower material and energy in-
puts;

« enhance economic efficiency while simultaneously reducing envi-
ronmental impacts.

The wBCSD has defined a set of eco-efficiency targets that provide
guidance for companies seeking to improve their environmental and
economic performance (Song et al., 2015):

« reducingresource, material, and energy consumption through in-
creased recycling;

« minimising environmental impacts through sustainable use of re-
newable resources and reduced emissions and waste;



Cleaner Production Activities 67

« providing customers with higher-quality products and services
while extending product lifespans, without compromising envi-
ronmental objectives;

+ process re-engineering to reduce resource use, pollution, and
costs;

+ product re-engineering through the reuse of waste as inputs for
secondary products;

+ development of new product concepts that require fewer materi-
als and facilitate reuse and recycling;

« rethinking markets to better meet customer needs in more sus-
tainable ways.

For organisations that regard sustainable development as a core
element of competitive advantage, it is essential to seek organisa-
tional and technological solutions that reduce environmental bur-
dens while improving resource efficiency (Pagan & Prasad, 2007).
Measuring eco-efficiency is therefore important for monitoring im-
provements in material quality, production procedures, technological
advancement, customer expectations, and competitive performance
(Zielinska-Chmielewska et al., 2021).

Environmental performance measurement enables organisations to
identify strengths, weaknesses, threats, trends, and opportunities for
improvement in response to evolving market conditions (Bezerra et
al., 2019). Eco-efficiency increases when environmental impacts are re-
duced or stabilised while the economic value of products increases
(Picazo-Tadeo et al., 2011). Common economic indicators used in eco-
efficiency analysis include (Rybaczewska-Blazejowska & Masternak-
Janus, 2017):

« contribution of products to gross domestic product (GDP),
« value added,
« output of the primary industry sector.

Environmental Efficiency Assessment (EEA) is regarded as a valida-
tion process involving (Sorvari et al., 2011):

« defining the scope and objectives of the assessment,

+ data collection and processing,

« environmental impact assessment,

« interpretation and evaluation of environmental performance.
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Eco-efficiency indicators are considered essential tools for sustain-
ability analysis at the corporatelevel (Zhou et al., 2018), as well as across
sectors such as the food industry (Ingaramo, 2009), forestry (Koskela &
Vehmas, 2012), urban transport (Moriarty & Wang, 2015), and construc-
tion. Over the past two decades, various methodologies have been de-
veloped to assess eco-efficiency, including the rational approach (Zhu
& Qiu, 2008), the analytic hierarchy process (AHP) (Tian et al., 2009),
entropy weighting (Han et al., 2011), grey relational analysis (Pan et al.,
2013), and data envelopment analysis (DEA) (Wu et al., 2016). In addi-
tion, companies frequently employ self-monitoring systems to support
eco-efficiency evaluation (Atienza-Sahuquillo & Barba-Sdnchez, 2014).

Eco-efficiency is a key environmental indicator that enables organi-
sations to modify business activities in favour of environmental protec-
tion over defined time horizons (Sadorski, 2021). Eco-efficiency and the
Cleaner Production Programme share several common dimensions,
as both support continuous improvement in reducing resource con-
sumption, environmental burdens, and associated risks and liabilities.
While the two concepts may overlap and yield similar outcomes, their
perspectives differ: eco-efficiency primarily emphasises cost reduction
and value creation, whereas Cleaner Production focuses on minimis-
ing negative environmental impacts (Howgrave-Graham & van Berkel,
2006).

Although the term Cleaner Production may suggest anarrow focus on
production processes, it is now understood as encompassing the entire
life cycle of products and services, similar to eco-efficiency. Both con-
cepts support organisations in identifying business opportunities and
enhancing efficiency across the supply chain. They are often used inter-
changeably but should be regarded as complementary. Eco-efficiency
focuses on strategic value creation, whereas the Cleaner Production
Programme emphasises operational improvements within produc-
tion processes (van Berkel, 2000). This integrated approach highlights
their alignment with other preventive environmental management
strategies that incorporate environmental considerations across the
full product life cycle, including research and development, design,
production, operation, maintenance, and transport (World Business
Council for Sustainable Development & United Nations Environment
Programme, 1996)).

Table 2.5 presents preventive practices associated with the Cleaner
Production concept juxtaposed with eco-efficiency goals.
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TABLE 2.5 Preventive Practices of Cleaner Production versus Eco-Efficiency Goals

Preventive practices of Cleaner Production  Eco-efficiency goals

1. Good housekeeping: improving opera- 1. Reducing the material intensity of
tion, maintenance and management pro- goods and services.
cedures. 2. Minimising the energy intensity of

2. Input substitution: use of environmen- goods and services.
tally preferred and ’fit for purpose’ pro- 3. Reducing the spread of toxic sub-
cess inputs. stances.

3. Technology modification: improvement 4. Increasing the recyclability of ma-
of the production facility. terials.

4. Product modification: changing the char- 5. Maximising sustainable use of re-
acteristics of a product to reduce its life- newable resources.
cycle environmental impact. 6. Extending product life.

5. (On-site) reuse and recycling: recovery 7. Increasing the service intensity of
and reuse of materials, energy and water. goods and services.

It is important to emphasise that both strategies discussed above
pursue a similar objective, namely the transformation of the economy
towards greater sustainability. These evolutionary concepts enable
business actors to adapt to dynamic changes occurring in an increas-
ingly competitive market. Both Cleaner Production and eco-efficiency
can be implemented and applied by business entities across all sec-
tors, regardless of their size or the level of economic development of
the country in which they operate.

In summary, it can be stated that the Cleaner Production programme
represents an avant-garde solution within the field of environmental
management systems (Cay, 2018). As Hillary (1999) argues, progress
towards Cleaner Production requires new attitudes rather than new
technologies. A systems approach enables the exploration of as many
‘new attitudes as human imagination can generate (Carnegie et al.,
2000).

Although the Cleaner Production concept is often presented as a
win-win solution, this outcome is not always achieved in practice.
Within the cp framework, there are activities that require substan-
tial investment and long payback periods, which may reduce the per-
ceived benefits for some investors (Sarkis & Dijkshoorn, 2007). This
partly explains why, despite its many advantages, the programme has
encountered difficulties in achieving widespread acceptance among
business managers (Khalili et al., 2014). Furthermore, it is argued that
the implementation of CP programmes alone does not guarantee con-
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tinuous environmental improvement unless appropriate management
systems are established to ensure cyclical and systematic improvement
processes (Zwetsloot, 1995). This highlights the urgent need for policy-
makers to develop and implement proactive and integrated policies
and strategies that support societies in managing resources in a more
sustainable manner (Jegatheesan et al., 2009).

Despite the passage of more than two decades, the observations
made by Carnegie et al. (2000) remain highly relevant. They noted that
Cleaner Production has evolved from end-of-pipe solutions to higher-
level management actions; however, in order to halt the progressive
deterioration of the environment, further steps are required. The con-
cept of Cleaner Production must extend beyond the boundaries of in-
dustry towards partnerships between the manufacturing sector and
society. To achieve this, the increasing complexity of industry, and con-
sequently of sustainability itself, must be presented in a manner that is
as simple, accessible, and comprehensible as possible.



Ecological, Economic and Social
Aspects of CP Implementation
on the Example of CEME X Poland

General Characteristics of the Cement Industry

The construction industry is a key element of global development, as
cement and concrete materials, being fundamental construction com-
ponents, are widely used in various infrastructure projects, ranging
from urban buildings and industrial facilities to bridges, motorways,
ports, and dams (Zheng et al., 2025). As a result, they have become
the most widely used materials and the most heavily consumed re-
sources on Earth (Gagg, 2014). This situation is associated with high
levels of pollution, depletion of natural resources, and greenhouse gas
emissions, leading to significant negative environmental impacts (Sev,
2009). This reality is largely the outcome of dynamic globalisation pro-
cesses and the ongoing industrialisation of the planet (Ayodele et al.,
2017).

It should be emphasised that the construction sector is responsible
for nearly 60% of all waste generated worldwide (Abed et al., 2022) and
approximately 39% of carbon dioxide (CO, ) emissions released into the
atmosphere (Alwis et al., 2025). In addition, it consumes around 40%
of global energy resources (Baek et al., 2013), with up to 50% of this
consumption attributable to construction materials alone (Reddy &
Jagadish, 2003). Furthermore, the high intensity of construction activ-
ity results in substantial consumption of natural resources, water, and
wood (Khan et al., 2024).

Through the use of innovative technologies, the construction indus-
tryis expected to implement sustainable technological solutions; how-
ever, many commonly used building materials remain environmen-
tally unfriendly (Global Alliance for Buildings and Construction, Inter-
national Energy Agency, & United Nations Environment Programme,
2020). Life-cycle studies of building materials (Marinova et al., 2020),
considering annual production volumes, raw material use, energy con-
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sumption, and pollution during production and recycling, have prompt-
ed a reassessment of both production methods and end-use practices.
This reassessment has focused attention on choices that lead to a re-
duction in carbon footprints (Churkina et al., 2020).

Conventional construction techniques are largely based on energy-
intensive manufacturing operations, particularly cement production,
which is a major contributor to global carbon dioxide (CO,) emissions,
the most problematic greenhouse gas (GHG) (Sanal, 2018). Cement pro-
duction is a complex process requiring significant quantities of nat-
ural raw materials, mainly limestone, fuels for heat generation, elec-
tricity, and auxiliary materials such as water and air (Galvez-Martos
& Schoenberger, 2014). Its manufacture represents the second-largest
industrial source of carbon dioxide emissions, accounting for approxi-
mately 5-10% of global anthropogenic CO, emissions (Jakobsen et al.,
2017) and about 3% of total greenhouse gas emissions (Feiz et al., 2015).
Moreover, cement production accounts for roughly 12-15% of total in-
dustrial energy consumption worldwide (Usén et al., 2012).

Cement is the principal binder in concrete and provides the mechan-
ical strength required for structures to withstand heavy loads. In the
modern industrial world, Portland cement (P ¢) has become an impor-
tant and strategic raw material (Phair, 2006). Global cement produc-
tion exceeded 4 billion Mg/year in 2023, making it one of the largest
industrial activities worldwide (Guo et al., 2024). Demand for cement
has grown steadily over recent decades and is expected to continue
rising (Xu et al., 2023). Forecasts indicate that global cement produc-
tion may increase by 12-23% by 2050, resulting in annual emissions of
approximately 4.3 Gt of CO, equivalent, representing a 260% increase
compared with 1990 emission levels (Khan et al., 2023).

It is estimated that around 50% of global cement production is used
for ready-mix concrete, while the remainder is incorporated into mor-
tars, plasters, screeds, coatings, and other applications (Smith et al.,
2002). Portland cement is manufactured from widely available and rel-
atively inexpensive raw materials, making it accessible in almost every
region of the world (Scrivener et al., 2018). Fuel and energy costs rep-
resent approximately 40% of the total production costs in the cement
industry (Kuandykova et al., 2024).

The primary component of cement is clinker, which constitutes 95-
100% of cement mass; the remaining portion consists of supplemen-
tary materials such as slag, limestone, and gypsum. Chemically, clinker
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comprises oxides including CaO0, SiO,, Al, O,, and Fe, O, (Teplicka et al.,
2023). Producing 1 Mg of Portland cement requires, on average, about
1.5 Mg of natural raw materials, 3,300—4,300 MJ of thermal energy, and
approximately 100-120 kWh of electrical energy (Luo et al., 2024). Total
energy demand depends on factors such as plant location, production
capacity, process technology, electricity generation mix, and kiln fuel
selection (Gursel et al., 2014).

The largest cement producers are China, India, Vietnam, the United
States, Indonesia, Turkey, Iran, Brazil, Russia, Japan, Egypt, and South
Korea, with Asia accounting for the largest share of production. These
twelve countries collectively produce about 80% of global cement out-
put, with China alone responsible for more than 50%. In terms of
demand, the Asia—Pacific region accounts for approximately 75% of
global consumption. Meeting future demand remains challenging (Kim
et al., 2022), as the cement industry faces issues such as declining fossil
fuel availability, natural resource scarcity, increasing demand, height-
ened environmental scrutiny from stakeholders, and global economic
uncertainty (Benhelal et al., 2020).

According to the European standard NF EN 197-1, cement is defined
as a hydraulic binder: a finely ground inorganic material that, when
mixed with water, forms a paste that sets and hardens through hydra-
tion reactions and retains its strength and stability even under water
(AFNOR, 2012). When mixed with water and fine aggregates (sand), ce-
ment forms mortar, whereas the addition of coarse aggregates (gravel)
produces concrete (Krishnya et al., 2021). Among the various types,
Portland cement remains the most widely used due to its excellent me-
chanical properties, durability, versatility, availability, and ease of appli-
cation (Lin et al., 2025; Nilimaa, 2023).

Cement production has a significant negative impact on the envi-
ronment, mainly due to its resource-intensive nature and high levels
of anthropogenic carbon dioxide emissions (da Cruz et al., 2021), with
total carbon dioxide emissions estimated to be around o0.564 Mg CO,
per 1 Mg of cement produced (Costa & Ribeiro, 2020). This places the
industry at the centre of global discussions on sustainability and the re-
duction of greenhouse gases (GHG) (Miller et al., 2021). It is important
to stress that the environmental impact of cement does not end at the
production stage.

The cement manufacturing process contributes to environmental
pollution and anthropogenic climate change by emitting, in addition
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to the aforementioned carbon dioxide, a broad spectrum of atmo-
spheric pollutants, including the particularly troublesome PM, . and
PM,, (Wang et al., 2006), which account for 40% of total industrial
emissions (Sanchez-Soberén et al., 2015), chlorine gas, nitrogen oxides
(NOy), sulphur dioxide (SO, ), ammonia (NH,), and various greenhouse
gases. These emissions mainly originate from two sources: the com-
bustion of fossil fuels in cement kilns and the calcination of limestone,
in which calcium carbonate (CaCO;) is transformed into calcium ox-
ide (CaO) while releasing carbon dioxide (CO,) (Guo et al., 2024). The
decarbonisation process of limestone, which is necessary for the pro-
duction of clinker, accounts for about 60% of the total CO, emissions
from cement production; CO, is, in turn, the dominant greenhouse gas
causing global warming (Liao et al., 2022).

Recent studies have identified cement production as one of the main
industries responsible for CO, emissions (Shivaprasad et al., 2024), sec-
ond only to the energy sector, as each Mg of Portland cement (P C) pro-
duced emits approximately 0.8—0.9 tonnes of CO, (Ige et al., 2024). The
cement industry is estimated to account for about 6-8% of total global
CO, emissions (Friedlingstein et al., 2023), which has a significant neg-
ative impact on the environment, mainly due to its resource-intensive
nature and high levels of anthropogenic carbon dioxide emissions (da
Cruz et al., 2021), while total carbon dioxide emissions are estimated at
approximately 0.564 Mg CO, per 1 Mg of cement produced (Costa et al.,
2020).

It should be strongly emphasised that since the beginning of the
1990s, total CO, emissions have increased by approximately 200%,
mainly due to the increase in demand for cement, despite a decrease
in the average clinker content of cement (Andrew, 2018).

The negative environmental impact of cement does not end at the
production stage. The life cycle of cement also includes its transport,
use in construction, and end-of-life processes such as building demoli-
tion and material recycling (Dacié et al., 2024). Life cycle analysis (LCA)
is defined as the collection and assessment of inputs, outputs, and po-
tential environmental impacts of a product system throughout its life
cycle. This methodology enables the quantification of associated envi-
ronmental burdens, as well as the identification of processes that sig-
nificantly contribute to these impacts, and is therefore an essential ap-
plication tool in the design of materials, products, or systems (Buyle et
al., 2013).
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LCA of cement allows for a comprehensive assessment of its environ-
mental impact at all stages of production, enabling the identification of
key areas where these impacts can be reduced (Qiao et al., 2022).

The cement industry is increasingly interested in identifying substi-
tute materials to replace natural resources due to economic, social, and
environmental concerns (Guo et al., 2018).

Reducing the negative environmental impact of cement produc-
tion requires intervention at multiple stages of the production process.
From a technological perspective, one strategy is to improve produc-
tion lines by upgrading them or replacing inefficient equipment with
more efficient and less energy-intensive alternatives (Vinci et al., 2019).

Further measures should focus on optimising the energy efficiency of
production systems (Xu et al., 2012), as energy consumption accounts
for 50-60% of total production costs, while thermal energy alone rep-
resents 20-25% (Sahoo et al., 2022).

An increasing number of cement plants are implementing waste
heat recovery systems to achieve higher levels of energy efficiency
in line with current requirements, standards, and regulations. Waste
heat in the cement industry is typically of a medium grade and ranges
from 100 °C to 400 °C (Jouhara et al., 2018). Waste heat from the kiln
can be utilised as an energy source, thereby reducing thermal energy
losses and improving the overall energy efficiency of the cement pro-
duction process. Energy efficiency can also be improved through the
use of advanced process control and management systems, as well as
high-efficiency motors and drives and increasingly efficient grinding
technologies (Scripcariu et al., 2021).

Anotherimportant area involves the optimisation of production pro-
cesses by transitioning away from traditional energy sources, such as
coal and oil-based fuels, and towards alternative fuels, including RDF
(Refuse-Derived Fuel), biomass, or rubber waste (Sousa & Bogas, 2021).
It appears that a key strategy for reducing carbon dioxide (CO,) emis-
sions is the use of various types of substitutes to lower the clinker con-
tent, which is the most energy-intensive component of the cement pro-
duction process (Neto et al., 2025).

Consequently, the reduction of CO, emissions is being actively ex-
plored by both academic researchers and industrial practitioners. One
effective approach is the partial or complete replacement of clinker
with various types of additives (Ortega et al., 2017), most of which are
waste residues from other industrial processes, such as fly ash, silica
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dust, ground granulated blast furnace slag, and lime meal (Ortega et
al., 2016). Due to the limited availability of these non-clinker raw mate-
rials for the decarbonisation of the cement sector, alternative materials
are being sought (Baran, 2021). The most favourable solution involves
the use of raw materials with pozzolanic properties that do not require
additional heat or chemical treatment, including zeolite, spongilite, di-
atomite, pumice, and trass (Spychat & Kotwa, 2022).

An interesting solution in the production of Portland cement is the
use of waste stone meal, such as granite, marble, basalt, or chalcedonite
meal (Czarnecki et al., 2023).

The level of clinker substitution with industrial waste has remained
stable for several decades at approximately 20% (Habert et al., 2010).

According to Scrivener et al. (2018), the use of substitute cementi-
tious materials could not only reduce CO, emissions from cement pro-
duction by approximately 400 million Mg year™, but could also have
a positive effect on improving the technical properties of cement, par-
ticularly its durability and chemical resistance (Hebbache et al., 2024).
It should also be noted that an innovative method for reducing CO,
emissions into the atmosphere is carbon capture and storage (ccCs)
technology (Clark et al., 2025). Although ccs technologies are well
known, they remain costly and are therefore still at the demonstration
stage of technological readiness (Bacariza et al., 2020). In addition, the
flue gases emitted from the main stack of a cement kiln contain large
amounts of pollutants such as N,, SOy, NO,, and CO, which makes it
difficult to capture and directly utilise pure CO, (Speight, 2019).

Cement production has been identified as a major consumer of nat-
ural resources, fossil fuels, and energy, as well as a significant source of
numerous pollutants. Furthermore, cement producers are under sub-
stantial pressure from stakeholders to reduce the environmental im-
pact of their products and activities; therefore, the implementation of
sustainable solutions in the cement industry is of fundamental impor-
tance (Rukuni et al., 2022).

Brief Description of the Technological Process

Portland cement is a hydraulic cement composed primarily of calcium
silicates, usually with ground clinker as the main ingredient. In the
most general terms, the production of Portland cement (P C) involves
combininglimestone, silica, alumina, iron ore, and trace elements, and
then heating the resulting mixture to a high temperature of approxi-
mately 1450 °C (Sahoo et al. 2022).
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With regard to the moisture content of the raw meal, PC produc-
tion processes can be classified into dry, semi-dry, semi-wet, and wet
processes (Madlool, 2013). It should be noted that cement production
requires complete evaporation of water from the raw material com-
ponents; the higher the water content, the more energy-intensive the
process becomes. On the other hand, a higher water content facilitates
homogenisation and mixing. The dry process is the most preferred be-
cause it consumes less energy than the wet process (Barker et al., 2008).

The dry process, which is the most common method for producing
P C, generally follows a four-stage sequence (Schindler et al., 2024):

« In the first stage, limestone and clay (or sand, slate, and slag) are
ground and mixed.

« The mixture is then heated to approximately 1500 °C.

+ Theresulting material is rapidly cooled to form granules known as
clinker.

« Finally, a small amount of gypsum (approximately 5% by weight)
is added to the clinker to obtain PcC.

The first stage of conventional Portland cement production begins
with the extraction and grinding of limestone (CaCO;, approximately
80%) and clay or shale (sources of silica SiO,, alumina Al,0;, and
hematite Fe,0,, approximately 20%) (Hwidi et al., 2018) into a fine
powder to produce the raw meal, which is then heated to about 900 °C
using cyclones to initiate clinker formation (Verma et al., 2020). This
processing step can be carried out using either the dry or wet method.
In the dry method, limestone and clay are crushed separately and then
fed together into the mill. In contrast, the wet method involves mixing
the clay with water to form a paste in a mud mill (i.e. a vessel in which
clays are ground in the presence of water), with the crushed limestone
added only at the final stage.

The clinker-forming process, which constitutes the main stage of ce-
ment production, consumes more than 70% of the total energy required
(Ighalo & Adeniyi, 2020).

Clinker formation involves heating the raw material mixture in a
rotary kiln to a temperature of approximately 1450 °C (Laita et al.,
2019). During this process, limestone undergoes thermal decompo-
sition, releasing carbon dioxide (CO,) and producing calcium oxide
(CaO) (Sousa & Bogas, 2021). Simultaneously, the remaining oxides in
the mixture participate in reactions associated with the clinkerisation
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process, which is facilitated by the rotary motion of the kiln (Antunes
et al., 2021).

This high-temperature combination, which inhibits complete melt-
ing, promotes the formation of primary tricalcium silicate phases
(Ca;Si0;) and secondary dicalcium silicate phases (2Ca0-Si0,), along-
side tricalcium aluminate (3Ca0-Al,0;) (Andrew, 2019). In general, the
energy used to heat the raw material mixture to initiate chemical reac-
tions is partially lost through radiation from the furnace shell (Wang
et al., 2014), accounting for approximately 15-16% of total energy con-
sumption (Laita et al., 2019). Additionally, hot gases leave the furnace
carrying heat energy in the form of CO, and other combustion prod-
ucts. This stage is referred to as the clinkerisation process, during which
the initial raw material mixture is transformed into clinker, consisting
of grey, spherical nodules with diameters ranging from 5 to 25 mm
(Schumacher & Juniper, 2013).

After leaving the kiln, the hot clinker is transferred to a cooler. The
large temperature difference between the firing zone and the beginning
of the cooling zone (approximately 1200 °C) is crucial for achieving op-
timal strength properties. The residence time of clinker in the cooler
is approximately 30 minutes (Janus et al., 2024); this relatively short
cooling period is intended to prevent undesirable chemical reactions
(Mikulcic et al., 2016).

The cooled clinker subsequently undergoes grinding in ball mills or,
increasingly, in vertical mills or roller presses. Approximately 40% of
the total electricity demand is consumed during this stage (Qian et al.,
2013). The parameters directly influencing energy consumption during
clinker grinding include the type of mill used, rotational speed, power,
and the size and quantity of the feed material (Santosh et al., 2023). In
addition, the type and dimensions of grinding mills play a key role in
determining grinding efficiency and overall energy consumption (Ab-
delhaffez et al., 2022).

Calcium sulphate (CaSO,, in the form of gypsum, synthetic gypsum,
or anhydrite) is added to the fired clinker at a rate of approximately 5%,
after which the resulting mixture is subjected to grinding. It should be
noted that the grinding of finished cement is carried out in a single step,
which is particularly important because the materials involved exhibit
markedly different grinding behaviours (Henao-Duque et al., 2021).

In the general production process described above, the most com-
mon type of Portland cement is obtained. However, due to the increas-
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ing emphasis on reducing the carbon footprint, minimising production
costs, and modelling cement parameters, large quantities of hydraulic
additives are often introduced during the grinding stage. These addi-
tives include granulated blast furnace slag, pozzolanic materials (most
notably fly ash from the power industry), or limestone, resulting in a
wide range of blended cements.

Gypsum is a critical additive that plays a key role in the production of
Portland cement. It is a relatively common mineral composed mainly
of calcium sulphate dihydrate (CaSO,-2H,0) and occurs naturally in
various forms, including crystals and precipitates (Luzha et al., 2024).
Gypsum is added to regulate the setting time of cement, preventing ex-
cessively rapid or delayed setting, Its inclusion improves cement work-
ability by reducing the amount of water required for a given mix, mak-
ing the cement smoother and easier to handle, and further reducing
the risk of cracking and shrinkage (Gyabaah et al., 2022).

The resulting ready-mixed cement is then pneumatically conveyed
into specialised silos for storage and subsequently packaged into paper
bags or bulk containers (Lavagna & Nistico, 2023).

History and Development of the CEMEX Company

The origins of the CEMEX Group can be traced back to 1906, when
Cementos Hidalgo was founded near the city of Monterrey in north-
ern Mexico and commenced operations with a cement plant of an an-
nual capacity of 5,000 Mg. In 1920, Lorenzo Zambrano founded Cemen-
tos Portland Monterrey, launching a cement plant with a capacity of
20,000 Mg/year in nearby Monterrey. In 1931, Zambrano orchestrated
the merger of these two plants, resulting in the creation of Cementos
Mexicanos, later renamed CEMEX (Cawman & Fine-Skalnik, 2021).
The company’s original strategy focused on thoroughly understand-
ing and adapting to the specific conditions of the Mexican market.
Responding to customer expectations included offering bagged ce-
ment to individual customers, which marked a departure from the
wholesale-oriented model prevalent in developed markets. For the sub-
sequent 35 years, CEMEX remained a local company. In 1966-1967,
through the acquisition of the Mérida plant in Yucatan from Cementos
Maya and the construction of new plants in Ciudad Valles (San Luis
Potosi) and Torre6n (Coahuila), CEMEX became a regional player. An-
other milestone occurred in 1976, when CEMEX debuted on the Mexi-
can stock exchange while simultaneously acquiring three plants owned
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by Cementos Guadalajara. In the same year, company management de-
cided to change the corporate name from Cementos Mexicanos S.A. to
CEMEZX, reflecting the organisation’s evolving identity and global am-
bitions. Following the acquisition of its main national competitor, the
Cementos Tolteca Group, in 1989, CEMEX achieved a 65% share of the
Mexican cement production market.

Until the late 1980s, the CEMEX Group grew primarily within the do-
mestic market through organic growth and acquisitions of local com-
petitors. International activity during this period was limited to cement
and clinker exports, which reached 574,000 Mg/year in 1985 (Lessard
& Lucea, 2009). The early 1990s marked the adoption of a new cor-
porate strategy focused on acquiring cement businesses operating in
emerging markets. According to CEMEX management, this approach
offered several advantages: emerging markets were expected to grow
faster than developed economies, and strong economic growth is a fun-
damental driver of cement industry development; additionally, cement
in these markets was perceived as a branded product (Venkataraman
et al., 2017).

At the time, it was widely believed that multinational corporations
from developed countries could overcome local obstacles in emerg-
ing markets due to their innovative technologies, higher organisational
maturity, stronger financial positions, and more stable institutional en-
vironments in their home countries (Lessard & Lucea, 2008). Another
significant milestone in CEMEX’s history occurred in 1992, when the
company acquired majority stakes in two of Spain’s largest cement pro-
ducers, Valenciana and Sanson. This acquisition increased sales rev-
enues to USD 2.2 billion during the period analysed (Wilson & Chang,
2003).

The breakthrough year for CEMEX was 1995, when operations out-
side Mexico accounted for 51% of total annual sales of UsD 3 billion, off-
setting declining revenues from domestic operations (Dombey, 1997).
CEMEXSs global expansion strategy, largely concentrated on emerging
markets, yielded notable benefits at the beginning of the 21st century.
The company became the most profitable among its major interna-
tional competitors, Lafarge and Holcim, due in large part to its focus on
high-growth markets with attractive margins. Long-term investments
in information technology also provided CEMEX with a productivity
advantage (‘CEMEX S.A. de C.V. History; n.d.).

In 2010, the total production capacity of CEMEX plants worldwide
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reached 96 million tonnes of cement. Globally, the company produced
51 million m3 of ready-mix concrete and over 158 million tonnes of
aggregates. Notably, in that year, approximately 35% of CEMEX rev-
enues originated from European markets (CEMEX Polska, 2010). On
the global market, CEMEX has adopted a cost leadership strategy
based on efficient logistics, production and sales operations, opera-
tional efficiency, and standardised internal practices and procedures.
Its advertising slogan, which also reflects the company’s mission to
remain close to customers and build a shared future with them, ac-
companies CEMEX in every region where it operates (Wandzik, 2010).

Today, the CEMEX Group is one of the world’s largest producers and
suppliers of construction materials, operating in more than 50 coun-
tries and ranking among the leading global cement producers (Feiz et
al.,, 2015).

Overview of the cP Activities

The cEMEX Group has been present in Poland since March 2005, when
it acquired assets from RM C Group Ltd., becoming the owner of two ce-
ment plants located in Chetm and Rudniki near Czestochowa, a clinker
grinding plant in Gdynia, and a logistics terminal (land and sea) in
Szczecin (Krawczyk & Listos-Rodewald, 2008). In 2013, Cementownia
Chelm was awarded the title of Cleaner Production Leader (Liderzy
Czystszej Produkc;ji, n.d.), followed two years later by Cementownia
Rudniki receiving the same distinction (‘Cementownia Rudniki, 2015).
These certifications confirm that both plants not only comply with en-
vironmental legislation and administrative decisions but also apply re-
sponsible business principles and achieve high production efficiency
with limited emissions (Rosak-Syrocka, 2018).

At the end of 2022, CEMEX Poland was also awarded the Cleaner
Production and Responsible Enterprise certificate. This recognition was
granted to the Chelm and Rudniki plants, which have been members
of the Cleaner Production Movement for many years (‘Nagrodzeni za
zrébwnowazony rozwoj i wktad w gospodarke; n.d.).

Implementation of the Process of Co-Combustion

of Alternative Fuels

The first actions undertaken by the new owner focused on optimis-
ing production processes by gradually replacing traditional energy
sources — coal dust in both cement plants - with alternative fuels, pri-
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marily RDF (Refuse Derived Fuel). Numerous scientific studies have
confirmed the potential of RDF to enhance the energy efficiency and
environmental sustainability of cement production by reducing depen-
dence on fossil fuels and conserving non-renewable natural resources
(Tihin et al., 2023).

RDF fuels are classified as non-hazardous waste under code 19 12 10
and can be produced from municipal, industrial, or mixed waste stre-
ams. Their quality and quantity depend on the composition of the waste
substrate. Typically, RDF consists of paper, cardboard, plastics, tex-
tiles, rubber, wood sawdust, tobacco waste, and residues from munic-
ipal waste sorting processes (Nowak, 2023). According to Ghenai et al.
(2019), alternative fuels are defined as any non-fossil fuels capable of
partially replacing the raw materials required for Portland cement pro-
duction, whether for energy generation or material recovery.

The co-incineration of RDF in clinker kilns fulfils the requirements
for thermal waste treatment and residue management. Calcium oxide
present in the raw material neutralises acidic gases such as HCI, HF,
and SO, produced during combustion (Striga¢, 2015). Combustion ash
is fully incorporated into the clinker structure, accounting for approx-
imately 3.5-4% of its mass (Castanodn et al., 2021). This process enables
the simultaneous recovery of thermal energy from the organic fraction
of RDF and material recycling of the mineral fraction as part of the
raw mix (Smolinski et al., 2010). RDF is partially CO,-neutral because
it contains both fossil-based and biogenic fractions, with the latter typ-
ically representing 30-40% of its mass (Kachawalage et al., 2017).

However, RDF exhibits high heterogeneity in chemical and physical
properties due to its varied composition and particle geometry. This
heterogeneity can affect flame stability, heat transfer, and clinker phase
formation, potentially limiting fossil fuel substitution in rotary kilns
(Pieper et al.,2020). A major constraint is the presence of chlorine com-
pounds, which may reduce concrete compressive strength and accel-
erate corrosion of kiln linings (Kara, 2012). According to Naqi and Jang
(2019), RDF-based solutions can account for up to 10% of total CO, re-
duction in cement production.

Chetm Cement Plant

The first RDF co-firing trials at the Chelm cement plant began in 2001
with the installation of a simple feeding system based on a Pfister dis-
penser and a storage facility. Initially, RDF consumption was limited
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to 5-6 thousand Mg/year. The main development phase occurred be-
tween 2005 and 2010, during which several major investments were im-
plemented (Babelewski, 2012), including:

- mechanical transport of RDF to the calciner,

« continuous exhaust gas emission monitoring,

+ expansion of RDF storage with an automatic crane,

« replacement of the electrostatic precipitator with a bag filter,

« installation of a multifeeder for RDF dosing,

« installation of a biomass shredder and dosing system,

« installation of a Unitherm multi-feed burner,

« installation of air cannons,

« commissioning of liquid waste fuel and sludge feeding systems,

« acquisition of a tyre-shredding machine.

During the analysed period, the composition of alternative fuels was
as follows (Sitko-Lutek & Lutek, 2022): RDF (83.45%), meat and bone
meal (6.73%), rubber dust and shredded textiles (4.55%), dehydrated
sewage sludge (0.87%), and liquid fuels (0.13%).

Interest in meat and bone meal within the cement industry has in-
creased following the European Union’s decision to ban its use as an in-
gredient in animal feed, as well as its disposal in landfills. It should be
noted that the standard specification for meat and bone meal requires
a combined water and fat content of less than 20%, which contributes
to its relatively low calorific value of approximately 18 MJ/kg, as well as
to the combustion process requiring a higher air input of 5-10% (Rah-
man et al., 2015).

In contrast, dewatered sewage sludge, after reaching 90% dry matter
content, has a calorific value of 14.4-14.5 MJ/kg and exhibits param-
eters comparable to those of wood, due to its stable organic content
(Chalamonski & Szymczak, 2017). For this reason, sewage sludge must
be co-fired with pulverised coal. The mass share of sewage sludge in the
mixture with coal fed to the main burner can reach up to 10% (Gtodek-
Bucyk et al., 2016).

In the case of Cementownia Chelm, the use of meat and bone meal
and dewatered sewage sludge resulted in a reduction in the emission
rate by an average of 25-32 kg CO, /Mg, depending on the availability
and degree of substitution (Radelczuk, 2017).
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Among the combustion materials presented above, rubber waste
is particularly valuable due to its high calorific value of 26-30 MJ/kg.
It also has a positive effect on the quality of the fired clinker and in-
creases the productivity of the entire cement production process. Tex-
tile waste, by comparison, has a much lower calorific value of 16—
18.5 MJ/kg (Siemeniuk & Szatytlowicz, 2018).

The final category of alternative fuels discussed comprises liquid fu-
els characterised by a high calorific value of 29-36 MJ/kg. Their un-
doubted advantage lies in the fact that they do not require mechani-
cal treatment. Owing to their physico-chemical composition, they can
be supplied directly to the main burner or the calciner using a fuel oil
feeding system (Mikulci¢ et al., 2016).

When discussing different types of alternative fuels, it is also nec-
essary to mention agricultural waste, which includes materials such
as sawdust, tobacco residues, rice husks, hazelnut shells, and biomass,
among others (Gunasekaran et al., 2013). Owing to their physico-chem-
ical composition, these materials improve the functional properties of
mortars and concretes (Ferrandiz-Mas et al., 2014). Moreover, and very
importantly during combustion, up to 95% of the substances contained
in agricultural waste are converted into amorphous silica (Gursel et al.,
2016).

In 2020, Cementownia Chelm achieved a record fossil fuel substi-
tution level of 95% for the first time, representing the highest result
among all Polish cement plants. At present, the average share of al-
ternative fuels used in Poland is approximately 70% (Piestrzycki et al.,
2012).

In order to improve the quality of alternative fuels used at Cemen-
townia Chelm, a project was implemented at the end of 2012 to reduce
the water content of RDF through the construction of a drum dryer
with a capacity of 40 Mg/h. The installed equipment utilises waste
hot air from the clinker cooler at temperatures ranging from 250 °C
to 350 °C, which ensures high technological efficiency of the applied
solution. As a result of this process, the moisture content of RDF was
reduced by 35%, enabling an increase in the calorific value of the fuel
by nearly 20%, from 14.1 MJ/kg to 17.2 MJ/kg. Furthermore, this resulted
in a reduction in CO, emissions into the atmosphere by 2—-3% (Cichy,
2017).

Another important objective for the plant in establishing the dryer
was the reduction of unit heat consumption in the clinker production
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process by eliminating a portion of the water contained in alternative
fuels (up to 8%). This reduction is attributable to the decreased need for
water evaporation at the high temperatures characteristic of the man-
ufacturing process (CEMEX Polska, 2015).

Rudniki Cement Plant

At the Rudniki Cement Plant, by contrast, the process of co-combus-
tion of alternative fuels was initiated only at the beginning of 2008. This
delay resulted from two main factors. The first was the requirement for
the cement works to obtain a decision on the ‘environmental condi-
tions for the combustion of alternative fuels in rotary kilns’, which was
granted in the first quarter of 2007. The second factor was that the is-
sued decision was subsequently challenged by the local community be-
fore the Local Government Appeal Board (Gradek, 2007).

The management of the cement plant at the time entered into an
open dialogue with the inhabitants of the municipality of Redziny, with
the aim of clarifying and resolving the conflict that had arisen. As a re-
sult of the consultations conducted, a convergence of mutual positions
was achieved.

Six years after the commencement of the RDF co-firing process, in
2014, the cement plant could report having reached a substitution rate
of 55% (Szewczyk, 2014). It should be noted that thislevel of substitution
was achieved solely through the feeding of RDF to the main burner.
Any further increase in the share of alternative fuels in the production
process required the modernisation of the existing clinker production
system.

The first decisions regarding plant modernisation were taken in 2015,
followed by a further two-year period devoted to obtaining the neces-
sary environmental approvals and construction permits. Modernisa-
tion works commenced in the first quarter of 2018 and were completed
at the beginning of the third quarter of 2019. The scope of the modi-
fications included, among other measures, the replacement of three
long rotary kilns operating under the dry method with a single short
kiln measuring 56 m in length and 3.8 m in diameter, equipped with
a 400 kW peripheral drive and a tower of heat exchangers. This con-
figuration allows for highly efficient utilisation of heat from fuels with
lower calorific value. The technology provider for the modernised kiln
system was Thyssenkrupp Industrial Solutions.

To further improve the efficiency of the entire process, it was also
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necessary to replace the clinker cooler with a unit characterised by
higher operating parameters. A new-generation Polytrack cooler was
installed in place of the former clinker coolers and integrated into the
existing production line. The completed modernisation enabled the
plant to maintain a clinker production capacity of 2 ooo tonnes per day,
while simultaneously increasing the share of alternative fuels from the
previous level of 55% to as much as 85% RDF. The increased use of alter-
native fuels resulted in a 15% reduction in CO, emissions, significantly
lowering the plant’s negative environmental impact. In addition, the
specific heat consumption required to produce one tonne of clinker
was reduced by 30% compared to the previous process line (CEMEX
Polska, n.d.).

The modernised installation also created an excellent foundation for
further reductions in atmospheric emissions of nitrogen oxides, which
had not been achievable using the previously operated kilns (‘Prace
modernizacyjne w cementowniach Rudniki i Malogoszcz, 2017).

By mid-2022, the use of RDF accounted for more than 90% of all
fuels utilised in the production process. In this respect, Cementownia
Rudniki ranked second within the entire CEMEX Group (‘Cemetownia
Rudniki, 2022).

Modification of Raw Material Composition

In addition to the use of RDF alternative fuels, a second pathway for re-
ducing the energy intensity of the cement production process and CO,
emissions is the use of industrial by-products as raw materials substi-
tuting clinker (Zhaurova et al., 2021).

The classification of alternative additives used in cement production
comprises three groups of materials and is primarily based on their role
in the cement hardening process (Sroda, 2024):

« hydraulic materials (e.g. granulated blast furnace slag),
« pozzolanic materials (e.g. fly ash, burnt slate, silica dust),

« fillers (e.g. fine fractions of construction waste).

The most commonly used industrial wastes as alternative raw mate-
rials in the calcination process include blast furnace slags (Giergiczny,
2019), cement kiln dust (Osmanovic et al., 2018), regips (Caillahua et
al., 2018), fly ash (silica and lime), fertiliser slags, red mud from the alu-
minium industry, Pb-Zn slags, Cu slags, agricultural waste, and paper
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sludge (Ishak & Hashim, 2015). To a lesser extent, sludges from oil re-
fineries, bagasse from the sugar industry, rice husks, marble sludge,
jarosite, and aluminium scrap processing waste are also used (Abdul-
Wahab et al., 2021). Increasingly, the cement industry is also utilising
bottom ash from municipal solid waste incineration and dewatered
sewage sludge (Kleib et al., 2021). The wider application of silica fly ash
or granulated blast furnace slag is constrained by supply limitations.
For various reasons, the metallurgical and energy sectors do not pro-
vide clinker substitutes in quantities and qualities sufficient to meet
the cement industry’s demand (Sitko, 2014).

Chetm Cement Plant

At the Chelm cement plant, two components were initially introduced
to optimise clinker production: lime fly ash and carbide lime. Lime
fly ash (calcareous fly ash) is produced during lignite combustion
in pulverised coal boilers. Its main crystalline components include
quartz, gehlenite, anorthite, anhydrite, and free calcium oxide (Baran &
Drozdz, 2013). As a by-product, it contributes to reducing raw material
and energy demand while improving concrete durability by partially
replacing clinker. It exhibits both pozzolanic properties and hydraulic
activity (Synowiec, 2015).

Carbide lime is generated during acetylene production by reacting
calcium carbide with water according to the reaction:

CaC, + H,0 — C,H, + Ca(OH),.

The properties of crude acetylene, as well as waste carbide lime, de-
pend on the quality of the coke and lime used in the production of car-
bide. It is a grey—white mass formed by the sedimentation of an aque-
ous suspension of grains during the acetylene production process. Such
lime emits a pungent odour that causes lacrimation and irritation of
the mucous membranes (Jaron-Kocot & Sablik, 2004).

It should be emphasised that the results obtained by cement plants
clearly demonstrate that replacing up to 5% of limestone with lime
fly ash or 3% with carbide lime reduces carbon dioxide emissions by
16 kg/Mg clinker and 23.5 kg/Mg clinker, respectively. The sinterability
of raw material assemblies modified in this manner exhibited better
parameters than those of the classic composition based solely on lime-
stone, as well as slightly higher strength characteristics (Baran et al.,
2016).
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The use of blast furnace slag as a component of the raw material in-
put for clinker production has increased significantly in recent years
(Krdl, 2017). Blast furnace slag is a non-metallic by-product generated
during the production of pig iron in a blast furnace at temperatures
ranging from 1300 to 1500 °C. After leaving the blast furnace, the slag
has a temperature of approximately 1400 °C and is rapidly cooled us-
ing a water jet. This latter process, referred to as granulation, results in
a product known as granulated blast furnace slag (Ahmad et al., 2022).

Due to its physical and chemical properties, the use of granulated
blast furnace slag as part of the raw material mix not only improves
the sinterability of the raw materials, but also reduces the demand for
limestone and consequently decreases CO, emissions associated with
limestone decomposition (Ostrowski et al., 2024). In addition, it re-
duces electricity consumption and limits the exploitation of natural re-
sources (Ozbay et al., 2016). The literature confirms the beneficial effect
of adding ground granulated blast furnace slag on the corrosion resis-
tance of cement (Dabrowski & Malolepszy, 2010).

An analysis of the research results presented above indicates that ce-
ments containing blast furnace slag exhibit a shorter setting time and
a higher rate of strength development compared to mixtures incorpo-
rating fly ash (Wieczorek & Pichniarczyk, 2022).

The last decade has also witnessed considerable interest in the use
of carbide lime in the clinker production process, due to its potential to
conserve limestone resources and reduce CO, emissions (Wang et al.,
2013).

Carbide lime, also referred to as lime sludge, is a by-product of acety-
lene production via the hydrolysis of calcium carbide. This waste is gen-
erated as an aqueous slurry and consists mainly of calcium hydrox-
ide (Ca(OH), = 85-95%) with smaller amounts of calcium carbonate
(CaCO; = 1-10%) (Cardoso et al., 2009).

An analysis of the literature clearly indicates that the use of a 2-5%
additive of lime fly ash from the Betchatéw power plant in the raw ma-
terial mix allows CO, emissions to be reduced by 4.0-10.3 kg CO, per
Mg of clinker. The introduction of a 2-5% carbide lime additive in the
raw material mix reduces CO, emissions by 9.5-23.9 kg CO, per Mg
of clinker. In contrast, the introduction of a mixture consisting of 10%
carbide lime or blast furnace slag containing 60.2% CaO results in a re-
duction of CO, emissions of nearly 72.4 kg CO, per Mg of clinker (Baran
et al., 2016).
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The composition of raw materials also evolved in subsequent years of
the clinker reduction programme, which in 2015 included the following
components (CEMEX Polska, 2015):

« fly ash from power plants and combined heat and power plants,
« blast furnace slags from the steel industry,

« ferro-bearing dust, replacing natural raw materials such as iron
ore,

+ waste gypsum in the form of used gypsum moulds and so-called

regips.

Regypsum, calcium sulphate dihydrate (CaSO,-2H,0), is a product
of the wet flue gas desulphurisation process resulting from the com-
bustion of solid fuels. It is a material comparable to natural gypsum
(Pierzyna & Popczyk, 2014).

During the period analysed, the share of alternative raw materials
derived from waste in clinker and cement production at Cementownia
Chelm ranged between 11 and 14% (Sitko-Lutek & Lutek, 2022).

The reduction in the clinker index at Cementownia Chelm during
the period 2021-2023 exhibited a decreasing trend, amounting to 84.7%
in 2021, 80.5% in 2022, and 76.9% in 2023. The clinker reduction level
assumed by plant management for 2030 is targeted to reach 65.9% (CE-
MEX Polska, 2023).

Rudniki Cement Plant

Due to its location in the northern part of the Silesian Voivodeship, the
Rudniki Cement Plant was designed from the outset of its operation
to maximise the use of waste raw materials, primarily originating from
the steel industry. From the beginning, blast furnace slag has served as
a so-called low-end raw material component, with its share reaching
up to 25%. In addition, the plant was originally equipped with two slag-
drying installations that utilise waste furnace gases to reduce moisture
content to zero. For many years, the dried slag was supplied to cement
mills for the production of metallurgical cements, as well as for current
CEM I1 cements (Portland cement with additives).

However, due to market developments, granulated slag became sig-
nificantly more expensive and less accessible in 2007. As a result, a de-
cision was made to replace it in the clinker raw material mix with a slag
that is chemically identical but mineralogically different. Furthermore,
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sand (2-6%) and silica ash (1-6%) were gradually introduced to opti-
mise clinker production costs. Converter slag was also incorporated
into the raw material mix; in addition to acting as a carrier of the re-
quired Fe,0;, it introduces already calcined CaO (approximately 22%),
thereby further reducing the carbon footprint of the clinker.

The slag used exhibits similar properties, containing approximately
40% feldspathic CaO. Consequently, both raw materials are referred
to as decarbonised raw materials, as they significantly reduce specific
CO, emissions per unit of clinker by substituting part of the calcium
oxide otherwise derived from CaCOj; in quarried limestone.

At the cement production stage, the use of granulated slag as the
most important slag additive has nevertheless been maintained. As
a result, the Rudniki Cement Plant is well known for its broad range
of metallurgical cements (CEM 111I) and cements containing slag ad-
ditives (CEM 11/B-8). However, the rapidly decreasing availability of
slag, combined with a sharp increase in its price, prompted the plant
to introduce entirely new cement types based on lime ash or limestone,
which effectively reduced the overall consumption of slag.

Thanks to the application of numerous alternative additives, the
Rudniki Cement Plant has achieved very favourable results in reducing
the clinker content in cement, which currently stands at approximately
60%. At the same time, decarbonised waste raw materials account for
more than 14% of the material input used for clinker production. Over-
all, the share of alternative raw materials exceeds 45% by weight of
cement (‘Cementownia Rudniki; 2022).

The reduction in the clinker ratio at the Rudniki Cement Plant over
the period 2021-2023 was as follows: 65% in 2021, 63.2% in 2022, and
63.5% in 2023. Ultimately, the target value for this indicator in 2030 is
set at 57.8% (CEMEX Polska, 2023).

Environmental Measures Oriented Towards Greening

An important investment and organisational initiative within the en-
tire CEMEX Poland Group was the implementation, in 2010, of an In-
tegrated Energy Management System compliant with the requirements
of the international 1S 0 50001 standard and additionally supported, in
two cement plants, by the requirements of the EMAS regulation.
Thanks to the implementation of this innovative solution, the in-
volvement of the entire workforce in recognising and addressing is-
sues related to energy conservation and consumption increased signif-
icantly. The following outcomes became evident (Nowosad, 2019):
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« improvement of organisational management (planning, setting
goals and targets, and implementing energy programmes),

« effective energy management within the organisation through the
identification and control of energy-intensive areas of activity,

« internal and external audits enabling the rapid identification of
weaknesses leading to increased energy consumption,

« application of best practices in energy management and utilisa-
tion,

« promotion of an energy management policy and the establish-
ment of an energy-efficiency-oriented mindset within the organi-
sation,

« management commitment ensuring the business success of the
system,

« compliance with current and future legal and regulatory require-
ments related to improving energy efficiency and reducing green-
house gas emissions,

« reduction of energy costs through a structured approach to iden-
tifying, measuring, and managing energy use,

+ benefits resulting from formal and legal provisions, such as ex-
emption from the obligation to conduct energy audits under the
Energy Efficiency Act,

« acquisition of white certificates derived from energy efficiency in-
vestments,

« exemptions from excise duty on process energy and relief from the
RES support scheme applicable to industrial customers.

In 2020, CEMEX implemented green hydrogen technology at all ce-
ment plants located in Europe. By introducing green hydrogen into
cement manufacturing processes as a catalyst, CEMEX optimises
the combustion process and increases the use of alternative energy
sources, thereby reducing reliance on fossil fuels (Szczepaniak, 2021).

Green hydrogen is defined as hydrogen produced by the electrolysis
of water using renewable energy, in which the water molecule is split
into hydrogen (H,) and oxygen (O) (Cacciuttolo et al., 2025). A signifi-
cant limitation of this solution is that the electrolysers required for this
process are typically large and highly complex systems (Tkaczyk, 2024).

The addition of green hydrogen to the fuel mix has an extremely ben-
eficial effect on the decarbonisation process by altering the fuel struc-
ture itself, as it releases only water during combustion. In addition, it
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improves the performance of the combustion process, making it more
complete. This is achieved due to the high energy content of GH,, its
combustion temperature, and high flame speed, which enhance fuel
efficiency and enable a reduction in fossil fuel consumption while si-
multaneously reducing emissions of pollutants such as CO and NO,
(Domingues et al., 2024).

The concept of green hydrogen (GH,) is emerging as a key element in
the global energy transition, offering a sustainable pathway for the de-
carbonisation of energy systems and the achievement of climate goals.
Both academic and industrial communities increasingly recognise re-
newable hydrogen production as a milestone in global efforts to decar-
bonise the cement industry (Angelico et al., 2025).

Green hydrogen plays a crucial role in achieving the ambitious ob-
jective of net-zero carbon emissions by 2050, primarily due to its zero-
carbon characteristics and the lowest possible carbon footprint among
fuels. Importantly, hydrogen produces only water as a by-product dur-
ing combustion in fuel cells and emits only minimal amounts of nitro-
gen oxides during combustion (Chang & Rajuli, 2024).

At the beginning of the third quarter of 2020, the CEMEX Poland
Group received a certificate confirming that all electricity purchased
between 2020 and 2021 for its production operations originated from
renewable sources, including wind energy. This achievement resulted
from contractual arrangements and long-term business cooperation
with PGE Obrét, an electricity supplier to end users operating within
the PGE Group, with which CEMEX Poland has cooperated for more
than ten years (Malinowski, 2020).

A joint initiative involving both cement plants was the signing of a
long-term corporate power purchase agreement (CPPA) between CE-
MEX Poland and Statkraft at the beginning of the fourth quarter of
2023. The contract provides for the supply of electricity over a period
of eight years, commencing on 1 January 2025. It is expected to secure
approximately 30% of the annual energy demand of CEMEX Poland fa-
cilities, including the cement plants in Chelm and Rudniki. Under the
agreement, electricity for CEMEX plants will be supplied from Polish
wind and photovoltaic farms (Ciepiela, 2023).

In March 2025, EDP Energia Poland (EDP EP), part of the global
EDP Group and a world leader in business-oriented solar energy in-
vestments, signed a cooperation agreement with the CEMEX Poland
Group. Under the 15-year partnership, EDP EP will install and manage
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25000 solar panels to provide clean energy to selected CEMEX facil-
ities in Poland. The solar farms will be constructed on the premises
of the Chelm cement plant, the Rudniki cement plant, and the Gdy-
nia milling plant, as well as at concrete plants located in Myslowice,
Warsaw, Annopol, Lublin, Szczecin, and Gdarisk. As a result of this in-
vestment, CEMEX Polska will reduce CO, emissions by approximately
9600 Mg per year, corresponding to the carbon dioxide absorption ca-
pacity of approximately 1.6 million trees (Supernak, 2025).

Chetm Cement Plant

In 2011, the management of the Chelm cement plant decided to con-
struct two concrete silos for clinker storage. The first silo was commis-
sioned in mid-2012, and the second at the end of the same year. The con-
struction of the bowl-shaped silos, each with a diameter of 63.4 m and
aheight of 43.5 m, was designed by the U.S.-based company Dometech,
with a total capacity of 250 Mg (Puzio, 2013). The total investment cost
amounted to nearly PLN 67 million and represented the largest envi-
ronmental investment of the 21st century at the plant. The large storage
capacity allows the entire clinker inventory to be stored inside the silos;
moreover, their airtight construction significantly reduced dust emis-
sions into the atmosphere resulting from clinker storage and transport
(Krechowiecki & Sroda, 2013).

Another important infrastructure project implemented between
2013 and 2016 was the modernisation of the chalk mine drainage sys-
tem, covering an area of 224 ha, carried out under the name ‘Barrier Bis’
(Ws6l, 2015). This decision was taken due to the progression of min-
ing operations into increasingly deeper raw material deposits, which
necessitated improved drainage efficiency. As part of the investment,
17 deep wells with depths ranging from 40 m to 60 m were drilled,
along with the installation of the required electrical power supply, con-
trol systems, and hydraulic infrastructure, including pumping units
(Zygmunt, 2025). Water extracted from this intake supplies the mu-
nicipal drinking water system for the inhabitants of the city of Chelm
(Barczynski, 2015).

In response to the need to adapt plant facilities to noise standards
in accordance with the guidelines specified in the integrated permit,
the management of the cement works developed a noise-reduction
programme implemented over the period 2013-2015. As part of this
programme, acoustic insulation was applied to the coal dust dosing
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building in the area housing the dust pumps, as well as to the pneu-
matic transport system located between the wall of this building and
the wall of the compressor room. The openings previously present on
two walls of the coal dosing installation were replaced with gates and
access doors. In addition, chamber silencers were installed on the air
intakes. The implemented measures achieved an acoustic attenuation
level of 29.2 dB (CEMEX Polska, 2015).

In September 2017, the plant’s coal-fired boiler house was perma-
nently decommissioned. At the same time, the heating system for all
buildings located at the plant was modernised by switching to electric
heating. As a result of this investment, air quality improved due to re-
duced dust and gaseous emissions both within the cement works and
in the city of Chelm, thereby contributing to an enhanced quality of life
for local residents (CEMEX Polska, 2017).

As a consequence of the introduction of new requirements con-
tained in the BAT Conclusions document, a continuous monitoring
system for emissions from the rotary kiln was implemented at the
plant. A new analyser was installed to measure emission volumes, in-
cluding so-called ammonia slip. This investment enabled precise dos-
ing of urea solution for the reduction of nitrogen oxides, full control
of NH, slip, and maintenance of emission levels below the regulatory
limit of 50 mg/Nm3. Measurement results indicated that the average
NH; concentration was 3.4 mg/Nm3.

Another important project involved redeveloping the clinker hall
dust extraction system. Nine emission points along the clinker trans-
portline were eliminated, and the remaining dust collectors were mod-
ernised. These actions significantly reduced dust emissions within the
clinker storage hall.

Modernisation activities were also undertaken with respect to the
coal dust dosing system, which is a critical element of the clinker firing
process. As part of the ongoing project, the coal mill was relocated to
the immediate vicinity of the kiln, resulting in reduced energy con-
sumption and a decrease in cooling water usage by approximately
50 000 m3. The alternative fuel dosing system was also rebuilt through
the acquisition of a planetary burner controlling the dosing rate of rub-
ber dust. In addition, anew RDF feeding system based on a triple screw
feeder was installed. The final task involved the construction of a new
sealed pavement in the manoeuvring area designated for the reception
of alternative fuels (CEMEX Polska, 2018).
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In 2019, a modification of cement mill operation outside peak energy
demand periods was implemented, utilising cement silos as a form of
energy storage. This measure reduced energy costs by PLN 2.5 million.
A second project involved the modernisation of raw material transport
by eliminating idle operation of plate feeders and crushers through the
installation of material presence sensors. This change resulted in a re-
duction in electricity consumption of 290 MWh per year (CEMEX Pol-
ska, 2019).

Rudniki Cement Plant

In 2008, an investment was undertaken to soundproof the facades
of the production halls and the equipment located within them, in-
stall acoustic silencers, and erect soundproof screens along the plant
boundary and in the immediate vicinity of the cement plant, near the
exhaust fans and rotary kilns (Stowarzyszenie Polski Ruch Czystszej
Produkgcji, n.d.).

The modernisation of four silos and the construction of a third bulk
cement loading station were completed in mid-2009. The installation
was equipped with two buffer tanks with a capacity of 220 tonnes each,
a cement sifter, an automatic loading head, and weighing systems. The
completed investment significantly reduced cement dust emissions
into the atmosphere (Plonka, 2009).

In 2010, the cement plant management initiated an investment pro-
cess involving the construction of a clinker storage silo. The completed
facility has a diameter of 37.4 m and a height of up to 45 m and is capable
of storing 50 ooo Mg of raw material. In the initial phase, preparatory
activities were carried out, including the development of the technical
design, acquisition of the necessary permits, contracting of equipment
supplies, and commencement of demolition works, as the silo was con-
structed on the site of the former clinker crane warehouse. The works
were completed at the end of 2013, with the total investment cost ex-
ceeding PLN 48 million. The implementation of this project signifi-
cantly reduced uncontrolled emissions of clinker dust and flue gases
into the atmosphere (CEMEX Polska, 2013).

In the fourth quarter of 2013, the management of the Rudniki ce-
ment plant signed a loan agreement with the National Fund for Envi-
ronmental Protection and Water Management under the energy effi-
ciency programme. Under this agreement, the coal grinding installa-
tion was adapted to ATEX requirements (operation in explosive atmo-
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spheres), and the energy performance indicators of the coal grinding
process were significantly improved. The project delivered the follow-
ing outcomes (CEMEX Polska, n.d.):

« an increase in mill productivity from 5 to 12 Mg/h,

« electricity savings of 274 MWh/year,

« areduction in CO, emissions of 243.9 Mg/year,

+ decommissioning of the remaining coal mills, resulting in the op-
eration of a single coal mill,

+ improvement of occupational safety in the coal department thro-
ugh the implementation of ATEX-compliant solutions.

In 2017, the coal and sludge belt dedusting installation was com-
pleted. As a result of this investment, dust emissions into the atmo-
sphere were reduced (‘Cementownia ,Rudniki” w Rudnikach koto Cze-
stochowy; n.d.).

In 2019, the modernised furnace No. 5 was commissioned, enabling
an increase in the substitution of alternative fuels to more than 92%,
while simultaneously achieving a 20% reduction in specific heat con-
sumption. These results led to a reduction of more than 15% in specific
CO, emissions per Mg of clinker.

In 2022, a project involving the replacement and modernisation of
the plant’s lighting system with energy-efficient LED fixtures was com-
pleted at Cementownia Rudniki. This investment reduced annual elec-
tricity consumption for lighting purposes by approximately 15 700 kWh
(CEMEX Polska, 2022).

In turn, a three-year investment process was initiated in 2023, con-
cerning the construction of an ash-slag mixture drying plant and a
lime ash dosing installation for cement mills. The implementation of
this project is expected to reduce the clinker ratio to 55% (CEMEX Pol-
ska, 2022).

Atpresent, the management of the Rudniki cement plantis analysing
several feasibility studies prepared by external entities in order to de-
termine the most appropriate technology, from the plant’s perspective,
for capturing CO, from waste gases. These analyses take into account
potential pathways for the utilisation of captured carbon dioxide in
products or advanced CO,-based technologies.



In the opinion of many researchers and practitioners of economic life,
the concept of Cleaner Production (CP) presented herein is one of
the most important tools enabling enterprises to develop dynamically
while respecting the natural environment. It is worth emphasising that
the cP concept is voluntary and non-formalised. Its implementation
makes it possible to reduce production costs, improve operational ef-
ficiency and, in the long term, reduce sources of dust, gas and waste
emissions. The CP programme also lays the foundations for the im-
plementation of a circular economy strategy, thereby enabling higher
productivity levels, increased revenues and an expanded market share.

This publication presents the practical application of pro-ecological
solutions using the cement industry as an example, as implemented
by the CEMEX Poland Group. It showcases good practices in climate
protection and respect for natural resources.

The solutions presented in the monograph, implemented at both ce-
ment plants of the CEMEX Poland Group, have enabled a reduction in
greenhouse gas emissions, with particular emphasis on carbon diox-
ide (CO,), as well as a decrease in the consumption of fossil raw ma-
terials (coal dust). Electricity and heat consumption have been signif-
icantly reduced, water and wastewater management has been ratio-
nalised, and noise levels have been lowered. Occupational health and
safety conditions have also improved substantially.

It should be emphasised that, thanks to the improved co-combustion
process of alternative fuels, it has become possible to manage various
types of waste, both municipal and industrial, in a waste-free manner.

In addition to the economic and environmental benefits outlined
above, the social dimension of the implemented CP solutions is of great
importance. In both cement plants, employee interest in plant opera-
tions has increased significantly, as evidenced by numerous rationali-
sation proposals submitted by staff.

The implementation of the CP strategy by the management of both
companies has enabled the establishment of social dialogue with stake-
holders through cyclical meetings presenting pro-environmental ini-
tiatives undertaken within the framework of the implemented concept
(Rudniki, 2024).
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The fact that CEMEX Poland has obtained Cleaner Production cer-
tificates for its cement plants sends a clear signal to its business and
social environment that such activities are permanently embedded in
the DNA of the entire organisation.

The examples presented in this book regarding the Cleaner Produc-
tion concept implemented by the CEMEX Poland Group indisputably
bring the cement industry closer to achieving a resource-efficient and
low-emission economy.

The publication addresses issues related to cleaner production from
both the perspective of management and quality sciences, as well as
through the presentation of good practices applied in this field. It con-
stitutes a compendium of knowledge in eco-management and may also
serve as a textbook for managers, business practitioners, local govern-
ment representatives, and students of management, economics and
environmental protection. The authors hope that this publication will
contribute to promoting the concept of Cleaner Production and to
building environmental awareness.
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The reviewed monograph is a valuable, timely, and mature contribu-
tion to the discussion on the implementation of the Cleaner Produc-
tion (CcP) concept in industrial enterprises. The authors address an
issue of high cognitive and practical relevance, firmly embedded in
contemporary debates on sustainable development, energy transition,
and corporate environmental responsibility. The publication is solidly
grounded both in an extensive theoretical framework and in an in-
depth empirical case study of one of the key actors in the Polish cement
industry - the Cemex Poland Group.

Particular attention should be paid to the fact that the monograph
goes beyond a purely descriptive presentation of the Cleaner Produc-
tion concept. Instead, it consistently treats CP as a modern manage-
ment strategy integrating environmental, economic, and social dimen-
sions. The authors convincingly demonstrate that Cleaner Production
is not merely an environmental protection tool, but a genuine instru-
ment for enhancing organizational efficiency, process innovation, and
long-term competitiveness, even in highly emission-intensive indus-
trial sectors.

The monograph is clearly interdisciplinary in nature, combining
insights from management and quality sciences, environmental eco-
nomics, production engineering, and sustainability studies. This ap-
proach significantly broadens the group of potential readers and makes
the publication relevant not only for academic researchers, doctoral
candidates, and students, but also for business practitioners, including
managers, process engineers, and ESG and environmental specialists.

The structure of the monograph is logical, transparent, and well
aligned with the clearly formulated research objective. The authors
guide the reader in a coherent manner from theoretical considera-
tions, through a discussion of Cleaner Production tools and practices,
to a comprehensive empirical analysis. The layout of the work facili-
tates both continuous reading and selective use of individual chapters,
which further enhances its didactic and practical value.

The first chapter provides a comprehensive and well-documented
introduction to the Cleaner Production concept. The authors skillfully
embed cPp within the historical evolution of environmental manage-
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ment thinking - from end-of-pipe solutions, through pollution pre-
vention approaches, to contemporary holistic sustainability strategies.
They not only review a wide range of definitions and interpretations of
Cleaner Production found in international literature, but also offer a
thoughtful synthesis that highlights both common elements and con-
ceptual differences. This demonstrates a high level of scholarly compe-
tence and a critical understanding of the state of the art.

The second chapter, devoted to Cleaner Production activities such as
eco-design, eco-materials, green technologies, and eco-efficiency, has a
distinctly application-oriented character. The systematic presentation
of specific practices, tools, and technological solutions makes this part
of the book particularly valuable for practitioners. The authors clearly
show that Cleaner Production is not an abstract or normative con-
cept, but aset of concrete actions that can be successfullyimplemented
even in industries facing significant technological and regulatory con-
straints.

The third chapter, based on a detailed case study of the Cemex
Poland Group, constitutes the strongest element of the monograph.
The described implementations - including the co-combustion of al-
ternative fuels, modifications in raw material composition, and com-
prehensive pro-environmental initiatives — are presented in a reliable,
well-structured, and analytically sound manner. Importantly, these ac-
tivities are embedded in a broader strategic context. The authors avoid
simplifications and clearly demonstrate that the implementation of
Cleaner Production is a complex, long-term process requiring man-
agerial commitment, an appropriate organizational culture, employee
competencies, and strategic consistency.

The originality of the monograph lies primarily in its effective inte-
gration of theory and practice. Rather than merely reproducing exist-
ing concepts, the authors illustrate how Cleaner Production actually
functions in a large industrial organization operating under strong reg-
ulatory, market, and social pressures. The case study does not serve as a
simple illustration, but as an integral analytical component that empir-
ically validates the relevance and feasibility of the proposed approach.

The work is clearly aligned with contemporary research and man-
agerial trends, such as the shift from declarative sustainability towards
measurable environmental outcomes, the integration of Cleaner Pro-
duction with the objectives of the 2030 Agenda and selected Sustain-
able Development Goals (SDGS), the growing importance of techno-
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logical innovation, eco-design, and circular economy solutions, as well
as the increasing role of stakeholders and institutional pressures in
driving pro-environmental transformations.

Special recognition should be given to the way the authors con-
ceptualize Cleaner Production as an element of a new management
paradigm, rather than merely a set of technical measures or regulatory
requirements. This perspective makes the monograph not only rele-
vant in the current context, but also future-oriented and resistant to
rapid obsolescence.

One of the greatest strengths of the reviewed monograph is its prac-
tical relevance. The book offers a convincing answer to one of the key
questions of contemporary management: how to effectively combine
environmental objectives with economic efficiency and social respon-
sibility. The authors successfully challenge the widespread perception
of environmental initiatives in industry as cost-generating burdens,
presenting Cleaner Production instead as a rationalization tool that
reduces losses, improves resource efliciency, and supports sustainable
competitive advantage.

The monograph can be regarded as a practical guide for organiza-
tions planning or implementing pro-environmental transformations.
Numerous examples of good practices, clearly described implementa-
tion stages, and a thorough identification of barriers and success fac-
tors provide readers with concrete guidance on how Cleaner Produc-
tion can be applied in real organizational settings. The reader gains not
only an understanding of ‘what’ and ‘why; but also ‘how’ to implement
CP strategies effectively.

At the same time, the publication is strongly embedded in current
management and public policy agendas, including industrial decar-
bonization, ESG frameworks, circular economy models, and respon-
sible production and consumption. As such, it represents a valuable
source of knowledge for policymakers, consultants, experts, and stu-
dents of economics, management, and technical disciplines.

In conclusion, Implementation of the Cleaner Production Programme
on the Example of the Cemex Poland Group is a well-researched, coher-
ent, and original monograph that makes a meaningful contribution
to the body of knowledge on sustainable management and industrial
transformation. The publication successfully combines academic rigor
with a clear and accessible narrative, avoiding excessive hermeticism
while maintaining high scientific standards.
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The book not only broadens knowledge but also encourages a shift
in thinking about management, innovation, and corporate responsibil-
ity. It can be strongly recommended to both academic audiences and
business practitioners as an important and insightful contribution to
the ongoing debate on the future of industry in the context of green
transition.

Dr. Sviatoslav Kniaz

The monograph Implementation of the Cleaner Production Programme
on the example of the Cemex Poland Group by Wojciech Lutek, Myroslav
Malovany and Agnieszka Sitko-Lutek covers challenges related to envi-
ronmental, economic, and social sustainability, focusing on a particu-
lar industry, and aligns well with the stream of publications addressing
the ways and strategies in which the general concept of ‘sustainable
development’ can be embedded in practical business activities. The
monograph provides a comprehensive and logically structured study of
Cleaner Production, demonstrating strong academic rigor and a clear
focus on its practical relevance in industrial practice.

The main objective of the presented monograph is to identify and
assess the implementation and use of the Cleaner Production concept
in the environmental, economic and social dimensions by presenting
good practices implemented by the Cemex Poland Group. The research
methods employed to achieve it include a comprehensive literature re-
view and a case study analysis. The structure of the monograph sup-
ports its main objective, comprising two theoretical chapters and one
empirical section.

In general, the authors of the monograph demonstrate a strong un-
derstanding of the Cleaner Production concept. As such, the book
provides valuable insights into both the theoretical foundations and
the practical aspects of its implementation. Additionally, the clear pre-
sentation of concepts and practical examples enhances interest in the
topic and serves as an additional incentive for all potential stakehold-
ers to engage more deeply with the subject, namely practitioners, re-
searchers, academics, students, workers, and the broader society.

The first theoretical chapter presents a comprehensive overview of
the Cleaner Production concept. It begins with a discussion of the gene-
sis and formal definition of the Cleaner Production Programme, outlin-
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ing its origins and fundamental assumptions. The chapter then exam-
ines the key characteristics and core practices associated with Cleaner
Production, providing a structured explanation of how the concept op-
erates in practice. Further sections analyse the applicability of Cleaner
Production and describe the main phases of its implementation. Par-
ticular attention is devoted to the factors influencing the successful
adoption of the concept, including the key drivers that stimulate imple-
mentation, the barriers that may hinder progress, and the benefits that
organisations can obtain from adopting a Cleaner Production strategy.
This part of the chapter is of high relevance, as it draws attention to
a variety of drivers and barriers, taking a systems theory perspective
and addressing the ecosystem in a comprehensive manner. The chapter
concludes with a discussion on how sustainability principles can be ef-
fectively implemented on the basis of the Cleaner Production concept,
highlighting its role as a practical tool for integrating environmental,
economic, and social objectives within organisational activities.

The second chapter focuses on practical Cleaner Production activi-
ties and instruments that support its implementation. It presents key
approaches and tools that enable organizations to integrate environ-
mental considerations into their operations and product development
processes. The chapter discusses eco-design as a method of incorpo-
rating environmental criteria at the product development stage, as well
as the use of environmentally friendly materials (eco-materials). It fur-
ther examines the role of green technologies in reducing environmen-
tal impact and improving production efficiency. Attention is also given
to environmental labels and declarations, which enhance transparency
and supportinformed decision-making among stakeholders. The chap-
ter concludes with a discussion of eco-efficiency within the context
of Cleaner Production, highlighting the importance of balancing en-
vironmental performance with economic effectiveness. By analysing
Cleaner Production practices, including eco-design, eco-materials,
green technologies, environmental labelling, and eco-efficiency, the au-
thors of the monograph highlight not only the strategic role of Cleaner
Production in industrial systems, but also encourage a rethinking of
design, manufacturing, logistics, and other core business functions in
order to operate in a sustainable manner. Additionally, the need for
radical changes and transformation is explicitly stressed, particularly
in support of still not widely adopted solutions such as environmental
labelling,
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The third chapter presents an empirical analysis of the ecological,
economic, and social aspects of Cleaner Production implementation,
illustrated by the case of Cemex Poland. The chapter begins with a gen-
eral overview of the cement industry, outlining its specific character-
istics and environmental challenges. Further, the chapter also briefly
discusses the history and development of the Cemex Group, establish-
ing the organisational context for the case study. The core part of the
chapter focuses on the activities undertaken within the framework of
Cleaner Production. Overall, the chapter demonstrates how the princi-
ples of Cleaner Production can be effectively applied in practice, high-
lighting their environmental, economic, and social implications within
an industrial setting. The empirical analysis provided in the third chap-
ter represents a highly valuable illustration of Cleaner Production im-
plementation in practice and reflects the added value of the mono-
graph itself.

In conclusion, the monograph Implementation of the Cleaner Produc-
tion Programme on the Example of the Cemex Poland Group makes a
meaningful contribution to the field of Cleaner Production. It effec-
tively integrates theoretical reflection with practical analysis, provid-
ing both a solid conceptual foundation and a carefully developed em-
pirical case.

Taking into consideration its clarity, analytical depth, and applied
orientation, the monograph can be confidently recommended as a
valuable academic resource for researchers and students, as well as
a practical tool for managers, practitioners, and policymakers seeking
to take a further step in their sustainability journey.

Dr. Zivilé Stankeviciate
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